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NOTICE
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DESIGN AND OPTIMIZATION OF SPACE THERMAL PROTECTION
FOR CRYOGENS--ANALYTICAL TECHNIQUES AND RESULTS

by

J. M. Bonneville

ABSTRACT

1agt/

The results of analyses and relevant experiments dealing with
multilayer insulation, performed during the last four years, are
presented in a logical sequence. Emphasis is placed on the experi-
mental fact that in a carefully designed and applied insulation system,
the foils will act as intended, i.e., as pure radiative shields.

Several relationships useful for determining the heat flow to a cryogenic
tank are developed on that basis,

Penetrations through the insulation are discussed in detail.
Methods for ascertaining their effect, and for decoupling them from
the edges of foils, are presented, along with criteria to determine
the usefulness of decoupling in a given case.
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DESIGN AND OPTIMIZATION OF SPACE THERMAL PROTECTION
FOR CRYOGENS - -ANALYTICAL TECHNIQUES AND RESULTS

by

J. M. Bonneville

Arthur D. Little, Inc.

SUMMARY

The object of this report is to assemble the significant results
of all the analytical work performed to date on the subject of multi-
layer insulation (MLI).

In the introduction, the basis for the organization of the report
is laid down in terms of (i) the role played by various insulation
schemes and (ii) the steps involved in solving the thermal problem. The
scope of the report is then made clear: to present the analytical aspects
of the work involved in choosing, designing and optimizing a thermal
protection system, with emphasis on MLI.

The environment of space is first treated, by way of an outline of
the analytical procedure required to account for that environment. Pre-
vious work on the subject is referred to. The environment external to
a tank is next discussed; this will differ from the space environment
in the case of a shrouded tank. A shroud appears to be mandatory, in
view of the requirements of ascent aerodynamic heating and space micro-
meteoroid protection; it would be most useful during groundhold also.

Section IV, which is divided into six parts, treats in detail multi-
layer insulation. Part A is a general, though quantitative, discussion
of the thermal behavior of real multilayer insulation necessary for an
understanding of MLI. Part B justifies and discusses the treatment of
MLI as a continuous blanket over the tank. This approach is valid
because penetrations will affect the heat flow through the MLI blanket
only slightly, whereas the converse is not true (the MLI blanket affects
the heat flow through penetrations).
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In Part C, the thermal effect of penetrations and discontinuities
in MLI is discussed in detail. First, concepts are developed for an
understanding of the basic effect., Following this, various types of
thermal shorts are graded according as they permit simple analysis or
not. Methods for designing shorts for minimum heat leak are introduced.
The very important matter of decoupling penetrations from the edges of
foil is treated in detail. Some cases appear where decoupling is useless,
or worse.

Parts D and E deal with analytical methods and relationships. Part
D treats of scaling laws that can be applied to the MLI blanket, and to
the penetrations. Part E summarizes the methods of computation recommended
in determining the temperature field within MLI.

Part F discusses those parts of the experimental work done at
Arthur D. Little, Inc., to investigate the validity of the analytical
approach.

A series of six appendices deal in detail with: shroud radiation;
internal pipe radiation; venting during ascent; the spreading of per-
turbations in MLI; the heat flow through a blanket of pure radiating
foils (which is independent of conduction parallel to foils); and the
general cylindrical thermal short.

ix
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NOMENCLATURE
t@ickness between shields; a_, thermal diffusivity, k/e Cp;
distance
area; general constant
thickness of insulation; general constant
velocity; E, average molecular velocity

general constant; C_, heat capacity at constant pressure;
Ci, conduction heat®input into ith element, see Eq. B-5

diffusion coefficient; representative dimension
parameter Eq. IV-C-33

parameter defined in Eq. III-4; molecular flux through
shield

parameter defined in Eq. III-5; parameter defined in
Eq. IV-C-32

"incident radiation flux

thermal conductivity; kp , perpendicular to plane of insulation;
ku', parallel to plane of insulation; kf, foil

Boltzmann's constant
product of thermal conductivity times thickness
general constant
length

length

number of shields; n

shields; n_., number of penetrations

s? P
molecular density

exponent in Eq. IV-C-30

loading or pressure; AP, pressure difference

heat flow; q. radiation heat flow -
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m (y’ o

® >y

T Y » =<0

heat flux; Qpen’ due to penetration
radius of penetration; distance

gas constant; radiosity (see Appendix A); general symbol
for resistance

stress
thickness; tf, of foil

temperature; T,, adiabatic; T surface; Tliq’ liquid

S’
dimensionless parameter relating lengths

solid angle, 2n sin 6 d ©; width of penetration; w, mass
flow rate

distance

perturbation decay characteristic length
B/n

distance

absorptivity; @, of surface; Qs parameter in Eq. A-2;
Q,, parameter in Eq. F-15 J

€ T 3
o a
parameter in Eq. IV-D-2
gap width
emissivity; €, of surface
Z/D
angle; T/Ta,max’ time
parameter in Eq. D-12
<-:/2neo
parameter proportional to conductivity of penetration

parameter in Eq. B-9

molecular flux from walls

Xi
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X/D
density

Stefan-Boltzmann constant

in insulation
temperature parameter in Eq. IV-C-6

s
-f characteristic time for heat conduction; perforated fraction
’y/ parameter defined in Eq. F-15
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I. INTRODUCTION

By definition, the temperature of a cryogenic substance at normal
pressure is below 100°K. On the other hand, the temperature of a body
in equilibrium with the thermal radiation environment of the inner
solar system (the adiabatic, or equilibrium temperature) can reach
several hundred degrees Kelvin, the actual value depending on the geo-
metry of the body, its distance from the sun, and its absorbtance and
emittance. At the latter temperatures, a cryogen either would experience
a high pressure rise, requiring containing walls of excessive mass,
or a large fraction would boil off, requiring an excessive initial
amount for a desired useful amount. It follows that the space storage
of cryogenic propellants in the inner solar system presents a thermal
problem; this problem must be solved in order to reduce dead mass in
space vehicles.,

A number of methods (thermal protection schemes) are available for
dealing with this problem. Each of these methods involves additional
mass, so that in considering their application, attention must be paid
to the effect this mass has on the payload ratio. Unless this effect
is small, an optimization procedure is required, both in the choice of
method and in the choice of parameters associated with the method
chosen., It must be remembered also that any thermal protection scheme
must be consistent with the physical requirements of groundhold, earth
ascent and micrometeoroid protection in space, as well as those of over-
all system performance, since any scheme that is not so consistent
cannot be accepted, regardless of its merits as regards thermal pro-
tection in space. Also, simplicity of operation, leading to reliability,
and consonance with other systems aspects (e.g., life, structural,
propulsion, guidance, communication) are required of any scheme.

A. Role Played by Various Thermal Protection Schemes

The role played by the various schemes can be illustrated by con-
sidering three cases: two extremes and the intermediate case. At one
extreme, one can consider the case of a large amount of propellant to
be stored for a relatively short period. The thermal problem might
then conceivably be so slight as to be solved by mere containment in
bare tanks, with boil-off losses made up during groundhold and boil-off
and/or pressure rise acceptable during boost-out and space flight.

At the other extreme, relatively small amounts of cryogenic pro-
pellants are to be stored in space for very long periods in orbits
that pass close to the sun. In such cases only the most minute net heat
input rates to the propellant can be tolerated. One scheme to solve
this problem would be to combine shadow-shields, radiators and attitude
control to maintain the adiabatic temperature of the propellant tank
at, or not far above, the normal boiling point of the cryogen. In this

I-1
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way the propellant could be contained easily without any net heat
absorption. We note that again the tank can be bare (in principle),
but is shaded from the sun. The shadow-shields can also be used in
combination with a refrigerator that extracts whatever heat has been
absorbed by the propellant. A refrigerator implies the presence of a
power source or a solar energy converter aboard the vehicle.

Between the two extremes there exists a wide range of cryogenic
propellant storage problems where the heat absorbed on bare tanks is
not tolerable but a finite amount of heat input would be. Here, in-
sulation can play a major role in controlling the heat input, provided
it can compete with shadow shields, radiators and refrigerators.

During the last few years, the concept of multiple radiation shields
has been developed to practical reality, in what is now called MLI.
This consists in a number of highly reflective foils laid layer upon
layer on the surface to be protected. Because of the high effectiveness
of these foils, it is possible with their use to reduce the heat flow
to a cryogenic tank in vacuum to very low values. So much so, that in-
cidental heat inleakage through pipes, insulation seams, tank support
and other penetrations can very easily predominate, and must be care-
fully controlled if they are not to nullify the effectiveness of the
insulation system.

Of course, the use of MLI need not preclude the use of other
methods in conjunction with it: shadow-shields, radiators, refrigera-
tors, or pre-flight sub-cooling to augment the heat absorption capacity
of the liquid cryogen. On the other hand, because of the effective-
ness (per unit mass) of MLI, there will be few intermediate cases where
its total replacement by some other scheme is justified.

B. Steps Involved in Solving the Thermal Problem

It is useful to delineate the solution of the thermal problem pre-
viously discussed, by subdividing it into four sequential logical steps.
Although each detail of each step need not be performed in the given
order, each step must be taken if the best solution is to be found.

The first step in determining the thermal protection system for
cryogenic propellants is to obtain information regarding the following:

(1) Characteristics of the trajectory and orientation of
the vehicle in space during the storage period, as
determined from over-riding non-thermal considerations.

(2) The space thermal environment, as determined from (1).

(3) The configuration of the vehicle: dimensions and

relative positions of components, details of any
component, e.g., electronics, living space, etc., whose

I-2
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temperature is fixed for operational reasons; in-
ternal heat sources if any, method of tank support,
and propellant transfer.

(4) Groundhold and launch characteristics.

(5) The thermal environment of the tanks, as determined
from (3) and (4).

(6) The manner in which mass additions, due to the thermal
problem and its solution, will affect over=-all mission
performance. This determines the criterion to be
adopted in selecting and optimizing a thermal protection
scheme,

The second step, which can only be based on the first, is the
assessment of the possible thermal protection schemes, singly and in
combination, and a selection of one scheme. One basis for assessment
and selection is the criterion found from (6) above. However, questions
of practicality and reliability, micrometeoroid protection, groundhold
and ascent requirements, and other non-thermal aspects, must enter at
this point as well; in fact they may prevail over questions of payload
delivery performance.

The third step consists in optimizing the parameters associated
with the chosen scheme, using the criterion found from (6). This op-
timization is not purely mathematical; it consists also in using all
the potentialities of the chosen scheme to reduce heat inleakages to the
cryogenic propellant.

The fourth step consists in fully evaluating the performance of the
thermal protection system in its final form. This evaluation may in-
clude testing (prototype or model) under simulated conditions. It
should include a calculation, in as much detail as necessary, of the
total heat leak to the cryogenic tanks. This calculation will correct
any errors that have crept into the analysis of the third step due to
simplifications made in optimizing the system. The calculation will
include heat leaks through piping, tank supports and other penetrations
through insulation, as well as heat leaks through the insulation itself.

C. Organization of This Report

During the last four years, Arthur D. Little, Inc., has been
actively engaged on behalf of NASA in work on the thermal protection
of cryogenic tanks for storage in space. This report brings together
the results of the analytical portion of this work, in the form of
principles, theorems, guidelines, simplifications, recommended procedures,
formulae and charts.
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Because analytical work has been performed in all the four cate-
gories or steps outlined for the solution of the thermal problem, this
work is presented in the order shown for those steps. Where a procedure,
analytical result, etc., can belong in more than one category, it appears
under only one, but mention is made of this plurality of roles.

A large fraction of our analytical work has centered on MLI. As
a consequence, this area is more deeply analyzed than others. Neverthe-
less, this report, taken as a whole, presents a fairly complete tableau
of present-day techniques for dealing with the thermal protection pro-
blem. In addition, it can serve as a basis for launching studies into
promising areas,

Some topics of relevance to this report have been covered adequately
in separate topical reports (not merely in progress reports). Such will
be treated here only to such depth as is necessary to point out their
relevance and to extract the conclusions useful to the present work.

The separate publications will, of course, be quoted and included in
the bibliography.

D. Acknowledgments
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IT. THE SPACE THERMAL ENVIRONMENT

The thermal environment of space is considered to be purely
radiative, the radiating sources being the sun and the planets., The
natural satellites (moons) also radiate, but in a manner similar to
planets and in the present discussion they are treated as planets.,

During interplanetary travel, solar thermal radiation is the only
significant thermal input from space. During the escape and capture
maneuvers, the incident flux from planets can be appreciable, but its
time-integral can be neglected compared to solar flux integrated over
the transfer period. On the other hand, if propellant is to be stored
in orbit around a planet for an extended period of time, planetary
radiation--emitted and reflected (albedo)--must be taken into account
in addition to solar radiation.

The two types of radiation differ in wavelength and directionality.
The latter point of difference lies in the fact that solar radiation
will be essentially collimated at expected distances (in solar radii)
of vehicles from the sun; whereas the same is not true of planetary
radiation at planetary radii. It is, of course, much easier to analyze
the input from a collimated beam; in fact, the fundamental method of
analyzing planetary radiation consists in breaking down the planetary
surface into a number of parts, each approximately flat and subtending
a small solid angle at the vehicle, so that incident radiation can be
considered as made up of a number of collimated beams, one from each
planet part.

In the present context, the meaning of the difference just dis-
cussed will depend on the aim of the radiation calculations.

A. Total Incident Power

It will be shown later (Appendix E) that the total heat flow
through multilayer insulation consisting of pure radiating foils, may
be calculated in a simple manner from a knowledge of the total radia-
tion flux absorbed on the insulation, independently of conduction in
the plane of the insulation foils. 1If the absorptivity is independent
of angle of incidence, the total absorbed flux is proportional to the
total incident flux.

If the tank is integral with the structure, the flux incident upon
it comes directly from space. It will also appear later that the total
flux on a shrouded tank can often be deduced from the total flux from
space incident on the shroud; moreover, in many other instances an in-
ference can be made with good approximation. Finally, an isothermal
shroud presents to a tank a black-body environment at a temperature
determined by total incident flux (see Appendix A). The notion of
total incident flux is, therefore, of great use in a screening analysis
(steps 1 to 3 of Introduction).
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The total flux incident on a vehicle from a collimated beam is
merely the beam intensity times the projected area of the body in a
plane normal to the beam. Total incident solar radiation can thus be
calculated simply, once the required projected area is known. Total
incident planetary radiation can, in general, be obtained only by
summing up the products, ''projected area x intensity' associated with
beams from the radiating planet parts, since each beam arrives from a
different direction with a corresponding different vehicle projected
area.

A method has been developed Ok for calculating the projected
area of a convex body of revolution as a function of beam direction.
The results can, of course, be applied to solar or planetary radiation;
in the latter case, a projected area is calculated for each beam. In
addition, total planetary radiation has been calculated (2,3,4,5) for
simple shapes: sphere, cylinder, flat plate; the results are usually
available in tabular form.

B. Incident Power Distribution

At some point in the solution of the thermal problem (particularly
step 4 of Introduction), the heat flow through penetrations in multi-
layer insulation must be determined accurately. Also, it may be possible
to select for some of the major penetrations (e.g., pipes and struts)

a location for least heat flow. For these purposes, knowledge of total
radiation input does not suffice; it is necessary to know in detail the
distribution, over the vehicle surface, of radiant flux from space.
Moreover, complex vehicle shapes can be conceived where a determination
of the surface flux distribution followed by a summation over the surface
is just as efficient a method of determining total flux as is that
previously discussed (i.e., summation of products involving projected
areas and elemental beam intensities).

The intensity of thermal radiation flux incident on a surface
from a parallel beam is simply the beam intensity multiplied by the
cosine of the angle of incidence. Hence, the distribution of incident
solar radiation over the surface of a vehicle of given shape is not
difficult once its location and orientation are known.

Local incident planetary radiation can be calculated on the same
basis, except that each point on the vehicle (or each elemental vehicle
surface part-~sufficiently small and flat) has incident on it a number
of collimated beams, one from each planet part; each beam arrives from
a particular point on the planet and, hence, has its own intensity and
direction of incidence; the effect of each must be added. It will be
recalled that the receiving vehicle surface part was to be chosen
small enough to be considered flat; this simplifies calculations by
allowing use of the concept of planetary radiation incident on a flat
plate. This case has already been analyzed in the literature and the
results are available in tabular, (2,3,4,5) graphical,(6 and partly
in analytical form(1,2

* Numbers in parenthesis refer to the bibliography in Appendix G.
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C. Accounting for Vehicle Movements

Excepting interplanetary travel with a fixed orientation toward
the sun, vehicle movement in space introduces a complication in
radiant input calculations. As the vehicle moves, its position and
orientation with respect to the sun and planets vary with time. There-
fore, the following will be time-variant: the vehicle projected area
as seen from the sun and various points on a planet; the angle of in-
cidence of radiation beams from the sun and planet parts on various
parts of the vehicle surface; and, the beam intensities.

In order to express the changing space thermal environment, with
reasonable control over all variables, there is need of a method to
account systematically for vehicle location and attitude. Such a
method has been developed;(l) it involves the transformation of
coordinates by matrix multiplication, parts of the matrix depending on
vehicle orbit and mode of orientation, hence, varying with time. The
method will be described briefly in the following paragraphs.

The vehicle surface is divided into a finite number of parts. The
parts must be of sufficient flatness to ensure the accuracy of the
ensuing calculations of incident power; they must also be small enough
in surface dimensions so that the subsequently assumed functional tem-
perature variation within the part (linear, polynomial, etec.) will give
result of the required accuracy.

The thermal radiation arriving at a small part of a vehicle's
surface depends on the distance of the vehicle from the radiating source,
and, for each source, on the relative directions of the source-vehicle
line, the surface normal at the source, and the surface normal at the
vehicle part. These quantities must be described in a single set of
coordinates, in terms of the vehicle position and orientation.

The direction of the surface normal at a vehicle part can always
be given as a vector in a coordinate system fixed on the vehicle
(vehicle coordinates). The surface normal can then be expressed in
the coordinate system most useful for the thermal radiation calculations.
This is done by multiplying the surface normal vector by a matrix that
represents the rotations which would be necessary to bring the vehicle
coordinates into coincidence with those of the useful system. The
vehicle coordinates themselves should have been previously chosen so
that the matrix is the simplest possible.

The choice of transformation (rotations) depends on the type of
orbit and the form of orientation stabilization (e.g., spinning, fixed
in solar space, aligned toward a planet, etc.). This is given in de-
tail in Reference (1).

In Reference (1) is also given a method of accounting for the
shadowing of one vehicle part by another during vehicle motion. It
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involves the measurement of shadowing factors, for instance by shining

a parallel beam of light from various angles at a model of the vehicle,
and measuring for each angle the unshadowed fraction of each part.

These fractions can then be incorporated in the calculation of the radia-
tion incident on each vehicle part from the sun and from the planet parts.
This method, of course, becomes unnecessary in the case of fully convex
vehicles.
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III. THE ENVIRONMENT EXTERNAL TO A TANK

In defining and discussing this environment, we adopt a point of
view that has been found to be valid. It is most useful in screening

and optimization studies, and often applicable in detailed heat flow
evaluations.

A propellant tank installed aboard a space vehicle is subjected to
an environment that will be broken down into a radiative and a conductive
part. The radiative part is the thermal radiation incident on the outer
surface of the tank insulation, or on the tank itself, if bare. The
conductive part consists of the temperature differences existing between
the ends of the elements connecting the tank to the other components of

the vehicle: the transfer lines, tank supports, control feedthroughs,
and any others.

One reason for this subdivision is the near-independence between
the two parts as defined, at least insofar as major heat inputs are con-
cerned. The important conductive elements (e.g., pipes, tank supports)
will have their surfaces shielded from the radiation enviromment and
are very nearly independent of it. Conversely, because the conductive
elements do not generally present large lateral surface areas, and
(more importantly) because they will be shielded, their effect on the
radiative part is small., Pipe internal radiation is generally coupled
to pipe conduction; however, both will be independent of the radiative
environment, and controlled only by end temperatures and pipe configura-
tion; for that reason, the pipe enters into the conductive part of the
environment (or as a separate third part, if desired).

It will be noted that pins, seams, gaps, overlaps, foam, penetra-
tion decouplers (see later), and any other penetrations within the
insulation, are part of the insulation and not of the environment. It
is the task of the designer to minimize the effect of these and enhance
the effectiveness of the insulation. On the other hand, a pipe or a
support cannot be considered by the designer as part of the insulation
since (i) these obviously do not insulate the tank but rather have the
opposite effect; and (ii) they will be thermally decoupled from multi-
layer insulation.

In defining the radiative environment, the possibility of a bare
tank was mentioned. This possibility exists when the tank is surrounded
by a shroud; in such a case, insulation might be applied on the inner
side of the shroud rather than on the tank. This point will be discussed
later.

A. The Radiative Environment

We consider two main cases: integral and shrouded tanks.
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1. Integral Tanks

Figure III-1 illustrates schematically an integral tank. It is
seen that its radiative environment is (i) direct space radiation to
the tank sides; this can be made negligible in interplanetary space by
aligning the vehicle axis toward the sun; (ii) radiation to the tank
ends from emission and reflection between elements 1, 2, and 3; here
the sources are parts 1 and 2, viz., the bulkhead and sides; the sides
(2) are really the tank supports and genmerally would be shielded with
multilayer insulation (inside and outside if the sun shines broad-
side, inside only if end-on).

Integral tanks do not appear promising for long-term missions.
First, their sides (and the insulation thereon) must be protected
against the environment of groundhold and ascent as well as against
micrometeoroids; this will necessitate some protective outer surface.
In effect they will be completely surrounded by some sort of shroud,
and so, even if designed as integral tanks, from the present point of
view they may be treated as shrouded tanks.

2. Shrouded Tanks

Figure III-2 illustrates a shrouded tank. 1In this case the tank
does not view space directly from any direction. 1Its radiative environ-
ment will, however, depend on space radiation as well as on the type
of vehicle orientation, conduction around the shroud and geometry of
shroud and tank. It will also depend on the temperatures of adjacent
elements: payload, engines, adjacent tank, and on the manner in which
these elements are insulated.

The elements adjacent to the tank form part of its environment
with the shroud proper. 1In fact, the elements can be considered as part
of the shroud in a thermal sense, even in the case where some of these
elements contain heat sources.

We again refer to a later part of this report (Appendix E) showing
that the total heat flow through a blanket of insulation on a tank
depends on the total absorbed radiation alone. Now, if the total shroud
(including elements) were to fit rather closely over the tank so that
the view factor between the two (shroud and tank) were nearly unity,
then a good approximation for the total power incident on the tank
could be obtained from a knowledge of the surface-integral of the fourth
power of the shroud temperature. In fact, a close-fitting shroud acts
simply as one shield to be added to those of the insulation. The fourth-
power integral over the surface of the total shroud is easily obtained
from a heat balance with space and with internal heat sources (see
Appendix A).
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For a more loosely-fitting shroud (e.g., a cylindrical shroud con-
taining spherical tanks), the view factor from shroud to tank is less
than unity. This alters the relationship and brings in a dependence
on geometry, and internal surface emissivities. However, for reasonable
geometries the dependence on geometry itself is rather weak, and the
dependence on emissivities is weaker still. This weak dependence is
explained by the small amount of total heat leaking into the tank through
the insulation, as compared with the total radiative power incident
on the tank insulation; almost all this incident power is re-radiated
toward the shroud, the net result being the same regardless of emissivities.
Therefore, the total power incident on the tank can be estimated with
rather good accuracy by setting equal to unity the emissivities of the
shroud inner surface and of the insulation outer surface.

B. The Conductive Environment, Inter-Component Heat Flow

Tank supports and pipes can be considered as conducting heat to
a propellant tank from two regions: (i) their warmer end and (ii) the
edges of foils where they penetrate insulation. Usually, the thermal
conductance of these elements is such that if they experienced the
same temperature gradient as does the insulation, they would conduct
heat to the tank in amounts far greater than that flowing through the
entire insulation blanket, thus defeating the purpose of insulation.

High temperature gradients can occur in penetrating elements if
the edges of the foils are allowed to come into thermal contact with
the penetration. Therefore, such thermal contact must be avoided. This
can be achieved by inserting a decoupler (or 'buffer zone', or "thermal
separator'') of isotropic, low-k material between the penetration and
the foil edges (see section IV-C). Such a decoupling procedure has two
results: to separate regions (i) and (ii) discussed above, and to
render the heat flow from (ii)--the foil edges--much smaller than that
from (i). Figure III-3 illustrates the general effect of decoupling;
this matter will be taken up in more detail later. Thus, the necessary
decoupling permits a separation of the conductive environment from the
behavior of the insulation.

Major penetrations, laterally shielded against radiation exchange,
can be treated as cases of uni-dimensional heat flow, which makes the
problem simple once the geometry and end temperatures are specified.

We wish at this point to show that conductive heat flow to tanks
through decoupled major penetrations can be kept reasonably low using
presently available materials and techniques. To illustrate this, we
choose a typical vehicle and mission, defined by the following situa-
tion. It should be stressed that these are chosen for illustrative
purposes only. The sample situation has further been simplified in
that the boil-off losses are arbitrarily specified a priori rather
than being optimized as part of the system. However, the conclusions
that are derived can be shown to be quite general. In this analysis
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we do not consider internal pipe radiation, which will be treated in
I1I.C.

1. Typical Situation

Payload 9,500 pounds
Power plant 2,500 "
Structure 2,500 "
Tankage 500 "
LH2 5,000 "
LO2 25,000 "
TOTAL 23:666 pounds

A 400-day mission.
A 10 g maximum launch acceleration.

Allowable boil-off during the mission:

5% of initial LH2 and 5% of initial L02.

A configuration is shown in Figure I1I-4. The LH, tank is forward-
most in the vehicle, followed by the LO; tank, payload and engine, in
that order. The relative positions of the tanks are justified on two
counts: a minimization of pipe internal pressures during acceleration,
and a minimization of heat leaks.

Consistent with this situation is a heat leak of 3.6 watts to the
LO2 tank and 1.5 watts to the LHy tank. One might apportion one-third
of these leaks to piping and support on an equal basis. Hence, our
estimate of a reasonable heat leak to the LO» tank would be 0.6 watts
through piping and 0.6 watts through supports; similarly, for the LHp
tank we would have 0.25 watts through piping and 0.25 watts through
supports.

2. Supports

Considering Figure III-4, heat leakage would occur through the
supports separating the two tanks and those separating the LO, tank
from the payload or engine. The latter support presents the greater
problem because of (i) a larger temperature difference, and (ii) a greater
cross-section for heat transfer, since this support must withstand
greater loads. Therefore, we have considered only the support from the
payload or engine to the LO; tank since a solution of this case implies
a solution of the other, easier case.

The support must withstand a maximum compressive load to accelerate
about 30,000 1bs. of propellants at 10 g, i.e., the loading will be
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P = 300,000 1bs. For a given material, this will impose a minimum
cross-section area A equal to P/S, where S is the allowable stress.

The heat leak will be
300°k

q = (A/L) _Jﬂ kdT (111I-1)

90°k

where k is the thermal conductivity. Hence, the minimum length L of
support for a given maximum q is

L = (A/q)f kdT (I11-2)

The weight of the support will be

£a’ j 2
- ) - :5 /kd'r (111-3)

where /9 is the density of the support material. The quantity Pz/q is
fixed for the particular vehicle and mission. The weight of the
supports will vary with the remaining factor in (III-3), namely

nlw

300°k

Weight~—§ kdT & F (111-4)
S

90°k

which contains only material properties and thus may be used as a
figure of merit for comparison of materials. Values of the factor F
are given in Table I1I-1, for several possible support materials,
including a stack of stainless steel washers, 0.001" thick. The values
of F shown are relative, the value unity having been assigned to the
washers.

As was shown in Equation (III-2), the required length of support
varies with the heat leak. However, this may lead to unreasonable
lengths. Supposing the length to be fixed, then since A_. is still
given by P/S, the heat leak will be determined by substituting for A
in (1II-1)
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TABLE III-1
PARAMETERS F AND G FOR SUPPORT MATERIALS

(Integrals From 90 to 300 K)

300°K

S :

90°k

F =

£
52

*
Material (Weight Factor,

Heat Leak Given)

300°K

_4I—.dkT

90°k

- 1
S

*
(Heat Leak Factor,

Length Given)

Stainless Steel 670
Nylon 13
Micarta 7
Mylar 13
Teflon 3,140
Stacked Stainless 1

Steel Washers

* Values given are relative to Stacked Stainless Steel Washers.

670
30
24
25

380

The

effective thermal conductivity of the washers was assumed to be
(1/670) that of solid stainless steel; this value may vary with
loading and surface treatment but is indicative of the values

which have been measured experimentally,
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_P_j
q = 1s kdT (1I11-5)

In this case, the quantity P/L is fixed by the vehicle and, therefore,
the parameter G = % kdT, representing the heat leak when the length
is fixed, may be used as a figure of merit. Relative values of G are

also given in Table III-1.

Considering Table III-1, the stacked stainless steel washers appear
to be the best by far. Calculations show that for our sample vehicle
and mission, six stacks of washers each 1 and 1/16-inch in diameter and
0.9 inch long, with a total weight of 1.37 1lbs., will allow a leak rate
of 0.6 watts. Moreover, the washers would have to be supplemented by
a structural transition piece to transmit the load across to the LO
tank, over a length of from 3 to 5 feet (see Figure III-4). The six
stacks of washers as insulating support, combined with a less efficient
insulation for a transition piece, will give a heat leak lower than
0.6 watts. If the elements must resist stress in two directions,
stacked cups (axes normal to the loads) can be used instead of the
washers,

3. Piping

Based on reasoning similar to that employed for the supports, one
obtains, for piping, the same weight parameter, F, (see Table I1I-1),
if the piping is to be designed to withstand internal pressures only.
Thus, we would expect that the plastics would be superior to steel,
giving less weight for a given thermal resistance, or providing greater
thermal resistance at a fixed length.

Using the configuration of Figure I1I-4, the pressures at the
"bottom" of the pipes, i.e., the point nearest to the engine, can be
calculated. The heights of the liquid columns producing the pressures
are based on full liquid tanks. Table III-2 gives the dimensions
and the internal pressures arrived at, for both LO2 and LHp, under a
10 g acceleration.
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TABLE III-2

DATA GIVING MAXIMUM INTERNAL PRESSURES
IN FEED PIPING FROM TANKS TO ENGINE

Height - Feet Liquid Density Base Pressures

Liquid Tank Piping  TOTAL 1b/ft3 (psi) at 10g
02 9 3 12 71.2 60
H2 22 14 36 4.37 11

From the above table appears an important advantage to placing the L0,
tank nearest to the engine; if it is separated from the engine by the

LH2 tank, the LO2 column pressure becomes 180 psi for our sample con-

figuration,

Stainless steel would be a desirable material to use for piping.
Although its thermal properties do not appear the most promising, a
sample calculation indicates that it is still a useful material for
pipes. If we assume a 10-inch pipe diameter, uniform wall thickness,
and an allowable stress of 100,000 psi, the results for the LO, pipe
are: a required thickness of 0.003 inches (paper-thin); a weight of
0.96 1lbs; and a heat leak of 0.16 watts. For the LHy, pipe, the thick-
ness required is 0.0006 inches, the weight is 0.88 1lbs., and the heat
leak 0.008 watts. It is seen that there is no materials problem here.
In fact, using 0.010-inch stainless steel pipe throughout, the resulting
heat leaks are 0.56 watts for the LO; pipe and 0.14 watts for the LHy
pipe. The total weight of piping would be 18 lbs. Reinforced plastics
such as polyester or epoxy glass laminates could be used for the LH, to
reduce the total heat leak even further. Therefore, piping made of use-
ful structural materials for low temperature service installed with
permanent connections, can be used without causing an unacceptable heat
inleakage to the cryogenic storage vessel.

4, Conclusions

The heat leaks through the required tank supports and piping (de-
coupled from foil edges and from the radiative environment) can be kept
small with reasonable weights, using stainless steel or plastics. The
design of these elements is within the present state-of-the-art. If
necessary, stacked stainless steel washers or cups can be used to limit
the heat leaks through the supports.
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C. A Special Problem: 1Internal Pipe Radiation

The thermal coupling through a transfer line joining a cryogenic
tank to a relatively warm body (e.g., the engine) involves internal
heat radiation as well as conduction along the pipe wall. If thermal
radiation were absent or negligible, the heat flow to the tank could
be kept within reasonable limits with the use of realistic pipe wall
materialsand thicknesses, as we have seen in III.B.3. Thermal radiation
from the warm end adds to the heat leak not only by contributing a radia-
tive inleakage, but by increasing the conductive flow as well. Energy
emitted at the warm end is partly absorbed by the walls at points nearer
the cold end; some of the absorbed energy is conducted and some re-
radiated toward the cold end. The resulting radiation and increased
pipe wall gradients can lead to heat leaks greater than that flowing
through the blanket of superinsulation over the entire cryogenic tank.

An analysis of this radiative-conductive effect is presented in
Appendix B. A straight pipe is considered, with attention centered on
an L/D ratio of three. The results of the analysis are also presented
in the Appendix, and indicate that a transfer line must be designed with
thermal radiation in mind; otherwise, a heat inleakage of many watts
can occur. The effective end emissivities should be low. However,

this may be difficult to achieve except with shiny baffles near the
ends.

Some variations in the design of the pipe, to decrease the heat
leak to values of the order of a watt or less, are possible: higher
L/D ratios, baffles at selected points, curved pipes.

When the pipe itself is in a surrounding of low radiation intensity
(i.e., in the shade), part of its outer surface near the warm end can
be left bare. 1In this way, the internally absorbed heat can be bled
by emission to the cold environment, and the temperature of the pipe
can fall off to low values over most of its length. The cold end
then receives radiation only from the distant circle of the warm-end
cross-section, and the radiative interchange is effectively kept low,
and is de-coupled from the conductive heat flow.

When the pipe is in a warm exterior surrounding, the same results
can be obtained by ducting some of the vaporized hydrogen to a point
near the warm end, and using the sensible heat of the vapor to cool
the pipe, i.e., to remove the absorbed radiation, there. This technique
is called vapor-shielding.
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IV-A. MULTILAYER INSULATION--GENERAL DISCUSSION

The concept underlying multilayer insulation (MLI) is that of a
number of highly reflective radiation shields placed between the radia-
tion environment and the surface to be protected, i.e., the cryogenic
tank wall. Conceptually, there is no other agent of heat transfer
through multilayer insulation but radiation impeded by many reflective
barriers.

Another feature of MLI generally implied is that adjacent shields
are spaced close enough together so that (i) the net interspacial
radiation in the direction parallel to the foils is zero in a region
where there are no 'breaks' or discontinuities in the foils; and (ii)
the view factor from one foil to an adjacent one is unity.

1. Disturbing Influences

Where the conditions postulated above are met, many concepts
developed in the past (and some recently) become available to simplify
thermal analysis and insulation design calculations. Since also the
idealized conditions represent minimal heat leak to the tank, it is
desirable to eliminate any disturbances that detract from these con-
ditions. We will now discuss these disturbing influences with the aim
of understanding them in order to avoid them.

a. Gas Conduction

Multilayer insulations must be evacuated to at least 10-4 torr for
adequate performance. Two approaches are possible. The first method
is to produce a pre-evacuated or cryopumped insulation by using a
flexible outside shield. There is considerable doubt that the required
high vacuum could be maintained at the various joints during the severe
vibration and acceleration of the launching. Unless the outside skin
can be removed at altitude, any noncondensible gases which might diffuse
through the outer skin or through the tank wall would increase the gas
pressure within the insulation. Also, in view of the possible out-
gassing of metal surfaces as a result of bombardment by high energy
radiation, it is questionable whether the required vacuum could be
maintained in space, unless adequate means for venting were provided.

The second approach is to exclude atmospheric gases by purging
with a noncondensible gas such as helium. 1In this case, the insulation
is not subjected to atmospheric pressure; however, reliance must be
placed on rapid venting at altitude.

Venting to the space environment is required in both approaches.
Such venting will depend on the geometric arrangement of the insulation
layers (e.g., exposure of the edges to the external vacuum or perforation
of the shields) which will be designed to enhance the pumping speed for
gas molecules.
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i. Edge Pumping

To determine the equilibrium pressure when a panel of multilayer
insulation is pumped only at the edges, we must first calculate the
mean free path of a molecule confined in the space between two parallel
plates separated by a distance a. If the molecule leaves the lower
plate (Figure IV-A-1) with a cosine distribution in angle, then the
mean radial distance that the molecule travels before hitting the other
plate is

FIGURE IV-A-1 MEAN FREE PATH BETWEEN TWO PLATES

T2

f r cos 8 dw (Iv-A-1)

i
H
N

where dw is an element of solid angle and © is the angle of the path
with respect to the normal to the plates.

Since dw = 2% sin @ d@ and r = a tan O, the integral can be evalu-
ated to give

T = % a (1IV-A-2)

The corresponding two-dimensional diffusion coefficient for motion
parallel to the plane of the plates is
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1 - x =
D = 3 ¢ r = 4 ¢ a (IV-A-3)

Now assume that the two plates are in the form of a long strip of
width lf and that molecules _are outgassing from the interior surfaces
at a net rate of) em™2 sec™l. Then the diffusion equation for the
equilibrium density of molecules is '

2
QAN 2Y (IV-A-4)

ZXZ _a
where N is the density of the molecules and X is measured from the
center of the strip.

D

The solution for the case of a perfect vacuum along each edge of
the strip is

N = — ( - x) (IV-A-5)

v _)_2 2
Da 4

The maximum density occurs at the center of the strip and is

2 2
T 1’1—2 (1V-A-6)

If the pressure is to be less than 10-5 mm %g at 25°K, the gas
density must be less than 4 x 1012 molecules em™>. Now assume, as a
typical example, that the shield consists of panels 1 meter wide com-
posed of radiation shields 0.002 cm thick and stacked 40 to the cm,
with spacers that occupy effectively 90% of the spaces between the
foils.

Then we can substitute the following values in Equation (IV-A-6):

2

Cc

100 cm

It

3 x 104 cm sec-1

a . = 0.0023 cm
effective
N = 4 x 1012 cm-3
max

The maximum allowable outgassing rate is therefore

Yy = 2 x 108 molecules cm-2 sec-1
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This corresponds to the removal of one monomolecular layer from all ex-
posed surfaces every two weeks. Much higher outgassing rates than this
are likely to be encountered if the radiation shields and spacers are
exposed to atmospheric pressure at the time of launching. In which
case, adequate venting must be provided to prevent destructive effects
due to sudden pressure reduction.

Another difficulty with edge-pumping is that at the pumping areas,
the innermost foils must be brought into contact with the vacuum out-
side. This provides places where incident thermal radiation can bypass
most of the shields and penetrate almost directly to the insulated tank.

ii. Broadside Pumping~of Perforated Radiation Shields

Let 7 be the perforated fraction of the surface of each radiation
shield, so that v is the molecular transmission coefficient. Thus, if
N is the density of molecules on one side of a shield and N' the density
on the other side, the net flux F of molecules through the shield is

Ne r - N'e T (IV-A-7)

£l

1
F = 4

For a stack of shields, this equation can be written in the form

Z

cT 9

4 2 ns

F = -

(IV-A-8)

where n, is the series number of the shields.

As before, let ) be the outgassing rate per cm2 of actual shield
surface. Then the number of molecules emitted per cm® per second into
the space between two shields is 2V (1 -T). Thus, for steady-state
flow,

- 2
E 28 - oayc1-T) (1V-A-9)
2 n°,

If the array of shields is in contact with a perfect vacuum on one
side and an impervious wall on the other side, the boundary conditions
are

I
o

0 for ns

=z
i

0 forn
s

]
=}
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Equation (IV-A-9) gives for the maximum allowable molecular density,
assuming € is constant;

z

4y (1 -T)n’

ax = — (IV-A-10)

It is of interest to consider under what conditions broadside
and edge-pumping are equally efficient. On equating the values of the
outgassing rates given by Equation IV-A-6 and IV-A-10, we find for the
required relationship

:g - n ,/ 4T

1-T

If n=100,T =0.1, and a = 0.0023 cm, we find that { = 2.3 em. This
means that for edge-pumping to be as efficient as broadside pumping
with 10% perforated shields, the edge-pumping must be applied along
lines separated by only 2.3 cm. The excessive exposure of the inner-
most foils in such a design appears to be quite impractical. We,
therefore, conclude that the method of broadside pumping is much pre-
ferred.

The allowable outgassing rate with broadside pumping may be calcu-
lated from Equation IV-A-10 with the following values:

12

N =4x102 en3, P =0.1, n =100, c =3 x 10* cm sec™?

max
Then

Y = 3x 1011 cm-2 sec_1

Actually, the allowable outgassing rate must be considerably less
than this, because 1" must be well below 0.1 to prevent excessive radia-
tion transfer through the perforations in the shields.

iii. Effects of Static Gas Density

Consider two adjacent radiation shields at temperatures T and T +
AT. The number of molecular impacts on each surface per unit area per
second is Nc/4, where N is the number of molecules per unit volume and
¢ is the mean molecular velocity. If the accommodation coefficient is
unity and the mean free path of the molecules is large compared with
the spacing of the shields, the average kinetic energy of the molecules
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striking one shield is ¢T and that striking the other shield is
cy(T + /\T). The heat transfer rate is therefore

(Iv-A-11)

3 -
= 3 Ne k AT

since c,, is approximately equal to the translational kinetic energ
per degree at the low temperatures where conduction is important.

The radiation transfer rate is

4
q = —L—MZU-T (IV-A-12)
!
€

where € is the emissivity of the surfaces.
The total heat flux is therefore

4
q = 'g-chAT + QET) (IV-A-13)

2.3
€

We must now sum this difference equation over the set of n
successive gaps between the shields. 1In doing this, we assume that
€ is constant and that No 1/T and ¢ cc,,’ T, since the pressure is
constant, The result of the summation is:

nq = %Nl'c'lk (,/T1 T, - T;)+ T (IV-A-14)

where Nl’ < , T, refer to the low-temperature side of the shield and
T, refers to the high-temperature side.

* 1In reality the energy carried is not cy but (¢, + k/2) if omne
accounts for the fact that those molecules with the higher velocities
will travel between the shields in a shorter time. Also cy is (3/2) k
only if the temperature is sufficiently low that no internal energy
modes are excited (or if the gas is monatomic). Eq. (IV-A-11) is,
however, a good approximation in most cases.
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b. Radiation Transfer Within Multilayer Insulations

In addition to the transmission of heat by gas conduction through
multilayer insulations, the following radiation transfer conditions

arise:

i. Radiation Transfer Through Perforated Radiation Shields

Figure IV-A-2 shows the radiation entering and leaving on the
two sides of a perforated shield of emissivity €, transmission co-
efficient 4 , and temperature T. The energy balance equations are

I'=T1, + (1L-T) @-¢ 1' +(-T) ert?

'
+

+
(IV-A-15)
I" = TI_+ (1 -7T) (1 -¢) I +@Q-T)e ot (IV-A-16)
1
! -1'_ = I,-1_=gq (IV-A-17)
IJr I+
e—— —
1 I'
S I —

FIGURE IV-A-2 RADIATION TRANSFER THROUGH
PERFORATED SHIELD
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Equations IV-A-15, 16, and 17 are satisfied by relations of the
form

I, = A -kng (1V-A-18)
I_ = B - kns (IV-A-19)
4

TT = C-kn (1V-A-20)

where A, B, C, and k are constants and n_, as before, is the series
number of a given shield. To get I'y and I1'_ we replace ng by ng + 1.
The constant k is the gradient A (rTl*) /A ng.

On substituting equations IV-A-18, 19 and 20 into equation IV-A-15
and 16 and noting that A - B is the net radiation flux q,., we find that

e+ (2 -e)T1 Ar'.r"

%= CT-9 a-1 Ao

(IV-A-21)

Now suppose that a stack of n shields is placed between two black
sheets at temperatures T, and Ty. Then, on adding the radiative im-
pedances of the two outer gaps to that given in IV-A-21, we find for
the flux:

4
c @, -1 o @, - 1Y ( y
q. = = IvV-A-22
2 - 1l -
t 1+€(+(§)Ee)1)n 1+('§',-1)n

where €' is the effective emissivity of the perforated foils:

e' = e + 2-T (IV-A-23)
Note that equation IV-A-22 gives correct results for €' = 0 and 1.
let € = 0.05and T = 0.1. Then €' = 0.245. Thus, a trans-

mission factor that is large enough to give an appreciable molecular
pumping speed increases the effective emissivity of the shields by a
factor of five.
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ii. Radiation Transfer by Closely Spaced Shields

The usual formula for radiation transfer through a stack of radia-
tion shields does not apply when the spacing of the shields is less
than the wavelength of the peak of the black-body spectral distribution
corresponding to the temperature of the shields. Two effects set in at
these close spacings--wave interference and radiation tunneling. Wave
interference of the emitted radiation occurs in the narrow gaps between
the shields and may increase or decrease the energy transfer, depending
on the spacing. Radiation tunneling allows transfer of radiation that
ordinarily suffers total internal reflection inside the shield material;
the resulting energy transfer increases exponentially as the spacing
decreases. The two effects together give an energy transfer rate per
unit area which becomes, in the limit of zero spacing,

4

4 4
q=ﬁ¢(T2 - T
n + k

where n and k are the real and imaginary parts of the complex refrac-
tive index, @ is the Stefan-Boltzmann constant, and '1‘2 and T1 are the
temperatures on the two sides of a gap.

The formula implies that the radiation density €' and velocity of
propagation ¢' in the shield material are:

e' = n20"1‘4
T ¢
2
¢! = —2 C
n2 + k2

For moderate values of the absorption index k, the flux formula pre-
dicts a transfer rate between two close shields greater than that
between two black surfaces.

In the case of metal shields, when the spacing between the two
shields is increased from zero, the radiation transfer rate at first
rises sharply to a high maximum and then falls below the usual value
for widely spaced shields. The flux returns to the normal level when
the spacing exceeds about one half of the wavelength of the black-
body peak. (See Figure IV-A-3)

t
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c. Gas Leakage from Cryogenic Fuel Tanks

With present technology, it is practically impossible to make
large tanks for liquid hydrogen with gas-tight welds. The leak rates
from large tanks may be so high that the performance of multilayer in-
sulations will be seriously degraded unless proper allowance can be
made in the design of the thermal protection system. Similar problems
may arise when the helium-purged gas is vented.

i, Minimum Heat Flux Through a Stack of
Perforated Radiation Shields

The analysis of the minimum heat flux through a series of perfora-
ted radiation shields can be based on the preceding calculations, and
the heat transfer rates due to both conduction and radiation can be
obtained for any given value of the perforation coefficient 7. It is
clear that the total heat flux must pass through a minimum as % varies
from O to 1, since the radiation is very large when ¥ is near unity
and the conduction is very large when T is near zero. It is, therefore,
of interest to find that best value of T and the corresponding minimum
value of the flux.

The flux due to gas conduction near the cold side of the stack of
shields, where the gas density is highest, is, from Equations IV-A-10
and IV-A-11,

3 o -TKAT
@ = 2 T

where AT is the temperature difference across a single gap. We will

make no appreciable error in assuming that this expression holds over

the whole set of shields, since the effect of conduction is negligible
except near the cold side of the stack, due to the rapidity with which
the radiation factor 0" T% rises with T.

The radiation rate can be written with sufficient accuracy, from
equations IV-A-21, 22, and 23, as

¢ = e+ (2 -7 \rATQ

r T

where Z&Tﬁ'refers to one gap. We have omitted the 1 in the denominator
of equation IV-A-22 to facilitate further calculations. Since n is
large and €' small, this makes no appreciable difference.

The sum of these two expressions is the total flux q across a
given gap and is a difference equation in AT and A&TA: When this
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equation is summed over all the gaps and the result divided by n, we
obtain for the total flux

4 4
e+ -1 I -T;) 4 1 -T)n
= C-e a-T) 2 Y@,
4 4
(T, - T;) 2 4 4, T 3 (1 -T)n
=2 O3 @ T Foay, VR Sy
( Pl 1)n
(IV-A-24)

The first term in equation IV-A-24 is the radiation flux without
perforations. The second term is the increase in radiation due to the
perforations. The third term is the flux due to conduction by the gas
molecules in the spaces between the shields.

For any fixed value of n, this expression goes through a minimum
for a certain value of the perforation coefficient 4. The optimum
value of T is given by

1/2
T %”R(Tz'Tl) 2 - ¢
1-7 - ¢ A . G5 (1V-A-25)
(T, -T)
The corresponding minimum value of q is
A : . 1/2
o (T -Ty) 4 by 2
- - e -A-26
q; (0) = Z o +| 6 Vk(T,-T)) 0°(T, -T) G v )
€

Equation IV-A-26 shows that, no matter how large n may be, the
flux can never be less than the value
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- 1/2
A
Guin(®) = | 6VE(T,-T) o (1,1 Y (2——_2—6)’ (IV-A-27)

Table IV-A-1 shows how qg i, (*) depends on the outgassing rate
under the following conditions:

o]
T, = 300°K
(o]
1, = 25%
€ = .05
K = 1.38 x 10 ' erg deg™t

For comparison, when n = 100, the first term in Equation IV-A-26
is 118 erg em-2 sec 1. * This value corresponds to the optimum heat
flux for an interplanetary mission, with only radiation transfer through
the shield. Table IV-A-1 indicates that this optimum flux cannot be
obtained with practical shielding if the outgassing rate is higher than
1010 molecules cm™? sec”

"TABLE IV-A-1

MINIMUM HEAT FLUX AS A FUNCTION
OF OUTGASSING RATE

Outgassing Rate dnin ()
-2 -1 - -1 2 2
(molecules cm sec ) (erg cm sec ) Watts/ft” x 10
1010 33 0.31
10t 105 0.95
1042 330 3.1
1013 1,050 9.5

The flux q, as given by equation IV-A-24, is plotted in Figure
IV-A-4 in Btu/ftz-hr as a function of the perforation factor 7" for
various assumed values of the hydrogen gas flow rate Y, (expressed in

* 118 erg cm~2 sec ! = 1.09 x 10-2 watts/ft%
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both molecules/cm  -sec and lb/ftz—hr). The graph refers to the
case of 100 shields of emissivity 0.05, with outer and inner tempera-
tures of 300°K and 25°K, respectively.

Figure IV-A-4 shows that an optimum perforation factor exists for
any given gas flow rate. Table IV-A-2 gives the optimum value of 77
and the corresponding minimum heat flux q for various values of the
gas flow rate W _. The table shows that a hydrogen flow rate of
2.5 x 1077 1b/ft 2-hr impairs the insulation by a factor of about two.
This leakage rate corresponds to only 1 1lb per year from a tank of
500 ft? surface area.

TABLE IV-A-2

OPTIMUM PERFORATION FACTORT,, AND
MINIMUM HEAT FLUX q_.  FOR VARIOUS
GAS FLOW RATES V)

Vo Ynin
(1b H./ft%- hr) T (Btu/£t> - hr)
2 —opt
0 0 0.04
2.5 x 1077 0.01 0.07
2.5 x 1070 0.03 0.14
2.5 x 107° 0.11 0.38
2.5 x 10°% 0.27 1.24

For the leakage rate of 2.5 x 10-4 lb/ftz-hr, which corresponds
to a loss of 3 1b/day from the 500 ft2 tank, the total heat input is
600 Btu/hr, which would boil off all the hydrogen in two months.
Actual leak rates may be even larger than 3 1lb/day.

These calculations indicate clearly that the gas leaking through
the seams of the tank should not be pumped by the external vacuum
through the insulating blanket. Instead, the gas should be vented
directly to the external vacuum by means of a double-walled arrangement,
shown schematically in Figure IV-A-5. The leakage of gas into the
insulating layers will be greatly reduced if the outer tank wall is
reasonably gas-tight.
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Perforated Multilayer Insulation

O o SN0 Double Walled Tank

Vent

“

FIGURE IV-A-5 DIRECT VENTING OF LEAKING GAS BY DOUBLE-
WALLED TANK CONSTRUCTION
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The vent pipe will probably have to extend well beyond the insula-
tion to prevent diffusion of the vented gas back into the perforated
shields from the outside. The static pressure at the exit of a pipe
of cross section 1 cm? that transmits 3 pounds of hydrogen per day is
about 5 mm-Hg; thus, aerodynamic rather than free molecular flow occurs
at the exit.

A much better solution to the gas conduction problem than the double-
walled tank arrangement would, of course, be the development of a method
for making vacuum-tight welds. It is likely that successful long-
term cryogenic storage in space will depend on this development.

The configuration of the perforations in the multilayer insulation
is of considerable importance. For a given perforation ratio, the
highest gas-pumping performance, relative to the inward radiation
leakage, is obtained with a large number of small holes with an
average spacing much less than the shield separation. This perforation
arrangement was assumed in the derivation of Equation IV-A-24. The
reason why this is the best arrangement is that the net flow pattern
for both gas molecules and radiation is then in the form of straight
lines perpendicular to the shields , except in the immediate vicinity
of the shields themselves. The two flow patterns are illustrated in
Figures IV-A-6 and -7. The only difference is that some of the radia-
tion flow lines start and terminate on unperforated parts of the shields,
whereas the molecular flow lines cannot do this.

On the other hand, when the perforations are widely spaced rela-
tive to the shield separation, as in Figures IV-A-8 and -9, the radia-
tion flow is much more nearly perpendicular to the foils than is the
gas flow. The reason is that the gas can flow only through the holes,

‘"whereas the radiation can also flow directly through the non-perforated
regions by the process of absorption on one side of a foil and re-
emission on the other side. Since the gas must take longer paths through
the foils than the radiation, the pumping efficiency, relative to the
radiation leakage, is much less for very widely spaced holes.

Calculation of the flow patterns of Figures IV-A-8 and -9 would
be very difficult; but one can see qualitatively that not much change
from the conditions of Figures IV-A-6 and -7 will occur if the hole
spacing is of the same order as the shield spacing. On the other hand,
for very large hole spacings, the gas flow rate approaches zero, while
the radiation rate drops to a limiting value. For the case of regularly
spaced holes that are staggered from shield to shield as in Figures
IV-A-8 and -9, the radiation flux has the limiting value:

4 4
Q—(TZ - Tl )
q = - (1v-A-28)

o G- D+l
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FIGURE IV-A-9 RADIATION FLOW PATTERN FOR WIDELY SPACED PEFRFORATIONS
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For randomly distributed holes the limit is
4 4

2 1 -7
e DaEE)

(IV-A-29)

For small values of /| these two expressions are almost identical.

On the other hand, the radiation flux for closely spaced holes,
as shown in Equation IV-A-22, is:

4 4
(T, - T.)
q¢ = T > L (1V-A-30)

“Il+(2-e)7 ) 1] +1

A comparison of (IV-A-29) and (IV-A-30) shows that, for con-
stant 4, the radiation flux increases considerably as the hole spacing
is decreased, but the gas conduction flux decreases by a still larger
amount.

Production problems impose a practical lower limit on the diameter
of the perforations as well as their spacing. New production techniques
will have to be devised to obtain the desired perforations and thus
increase the insulating performance of multilayer insulations in an
actual installation.

d. Venting During Ascent

Multilayer insulation may be immersed in a non-condensable gas
at a pressure of one atmosphere at launch. As the vehicle ascends
through the atmosphere the interstitial gas vents to a milieu of
constantly reducing pressure. Accordingly, during ascent a pressure
gradient from inside-to-outside exists within the foil system and the
question arises as to the ability of the insulation system to withstand
these differences without damage. The analysis presented in Appendix
C is intended to shed some light on the nature of this problem, and
to provide some guidance to the design of experiments which should be
made to prove the adequacy of the insulation system to withstand
ascent decompression.

e. Solid Conduction

The concept of radiation shielding with radiative heat transfer
dominating implies Lhe absence of mechanical contact between adjacent
foils or between foils and spacers. Contact will occur when mechanical
pressure is applied in the direction normal to the tank wall. This
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pressure is due to gravity, differential thermal contraction, stressing
on application, or externally applied loading.

The effect of mechanical load on the density and thereby on the
heat flux through a sample of a multilayer insulation is of consider-
able practical significance. An increase in mechanical load will cause
the radiation shields and spacers to be compressed into a thinner
sandwich of higher density. A subsequent decrease in mechanical load
will allow the radiation shield and spacers to return to their original
density, provided that no permanent deformation has taken place.

We examined the capability of several insulation systems to
withstand compressive mechanical loading.

The results of the tests, which appear in Figure IV-A-10 illustrate
the following:

As the mechanical load increases, the solid-conduction contribu-
tion to heat transfer becomes dominant.

The differences in heat flux at zero load are the result of
differences in the spacer materials. Spacers consisting of oriented
fibers have a high contact resistance, which impedes solid conduction.
With no external load on the insulation, the closeness of the packing
of these fibers (and hence the contact resistance) depends upon the
previous history, such as number of load applications, method of manu-
facture, and storage conditions.

2. Conclusions from Experimental Evidence

Experimentsboth with the thermal conductivity apparatus and with
an insulated tank system (see Section IV-F) show that it is possible to
design and apply multilayer insulation so that radiation is indeed the
dominant mode of heat leakage into the tank. Therefore, the concept
of idealized MLI as defined on page IV-1 is realistic.
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3. Concepts Based on Truly Radiative Shielding

Consider a portion of the surface of a cryogenic liquid tank
covered with multilayer insulation having uniform thermal radiation
of intensity I incident upon its outer foil. A steady-state heat
balance equation may be written, equating the absorbed incident power
to the sum of the re-radiated and tank input powers, in terms of temp-
eratures and radiative properties;

4 - -
oL L= Te T+ (Q/4) (Iv-A-32)

tank
where a(o is the absorptivity of the outer foil surface for the
incident radiation, ¢ is the emissivity of that surface and T 1is
its temperature. The térms in the equation all have units of po%er
per unit of surface area.

a. Adiabatic Wall Temperature

Suppose the last term in Equation (I7-A-32) were zero; this is
the so-called adiabatic case, in which all absorbed incident power is
re-emitted. From the simplified equation, the temperature at which

this emission occurs can be calculated; let this be T . Then from
(1IV-A-32),
e I
T4 - o (IV-A-33)
a & o T

The concept of an adiabatic wall temperature is extremely useful
in evaluating the heat flow into a tank, even in cases where the
incident flux is not uniform, or when the foils are not pure radiators
but also conduct heat through contacts and penetrations, as will be
seen later, At this point we still consider the simplifying conditions
to introduce another concept.

b. Shielding Factor

From the definition of T , Equation (IV-A-33), we re-write
(IV-A-32):

4 4
ve (T, -T) (Q/A) e (IV-A-34)
But for pure radiating foils in a uniform environment, an express-

ion can be found and substituted for (Q/A)tank:
4

A 4 T (T, - T 4y (1V-A-35)
et -1 = ——2-_li

BRRNEEDE
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where € is the emissivity of the foils (assumed independent of
temperature) n is their number, and Tliq the liquid tank temperature.

For cases of interest, (i.e., Tjiq @ cryogenic temperature),
T, '<eT *., Also, €¢<0.05, so that 2/e>»1. Therefore (IV-A-35) can
bé simplified to

4 4 € 4 _ 4 AL
T -1 = T -}{Ts (IV-A-36)

4 T34
TS = 7 *'KL (IV-A-37)
We also have
4 4 5 4
Ta - Ts = 7 +'1 Ta (IV-A-38)

a relation that can be substituted into (IV-A-34) to obtain

K 4
T ”T e, T, _ (IV-A-39)

(Q/8)

tank

which, from the definition of Ta’ can be written

CYN I T'&K a1 (IV-A-40)
The pure number,(, is generally very small., For example, with

€ = 0.05, n= 30, ¢, = 0.8, K is about 0.001. This means, first of

all, that it can be neglected compared with unity. Once this is done,

the physical significance of K\becomes evident. It is the reciprocal

of a shielding factor. This is clear from the last equation, which states

that the heat flux into the tank equals the absorbed flux divided by the

shielding factor. Also, from Equation (IV-A-38) we see that the outer

foil temperature is very nearly equal to the adiabatic temperature:

K - A-
- =1+'\=H‘ (IV-A-41)

4. Parallel Spreading of Disturbances

The spreading of disturbances brings into play the ratio of
thermal conductivities parallel and perpendicular to the foils. The
concept of conductivity, in either of these directions, has to be
applied with some care. First it is necessary to consider as a
continuum a set of discrete foils separated by spacers and/or vacuum;
of course, this can be justified when enough foils are involved. An

IV-24

Aethue D Aittle Inc.




effective parallel (i.e., in the plane of the foils) conductivity may
then be defined in terms of some mean foil material conductivity,
thickness and number density. A similar statement may be made about
an effective perpendicular conductivity, except for the strong temper-
ature dependence and hence variation in a direction normal to the
foils, of a conductivity so defined, especially for foils that act as
true radiation shields (i.e., without conductive contacts between
foils and/or spacers).

In spite of the complication just outlined, it has been found
most useful in discussing the spreading of temperature perturbations
to use the concept of effective conductivities in the two perpendicular
directions, defined by over-all behavior, although this concept will
not be useful for other applications (e.g., in defining shielding
factors). We define these quantities as k, and k, .

In the discussion presented in Chapter IV-A-3, the behavior of
insulation was treated as a uni-dimensional problem, with distance
normal to foils as the independent variable. We define a disturbance
as a deviation from this uni-dimentionality; this definition implies
parallel conduction and some non-uniformity causing such conduction.

There are two main causes giving rise to parallel conduction:
variation in incident flux over various portions of the tank surface,
and penetrations due to piping, structural supports, seams, etc. This
is 1llustrated in Figure IV-A-1l1. The first can introduce local
parallel variations in Ta (and hence in foil temperature) over the

ténk; the second can introduce local sources of variations in foill
temperature, which can spread over the tank surface to distances that
depend on the ratio k, /k, . This spreading is discussed in Appendix
D. .
’ There is another basic difference between these two main causes,
Variation in surface flux can spread less in depth because the heat
transfer coupling between foils is mainly radiative, and, inherent
to the design of the multifoil insulation, the coupling between foils
is made weak, whereas the conductance parallel to the foils is
relatively large. Therefore the spreading of the effect is localized
to outer layers. In the case of penetrations, all the foils are
involved in the temperature perturbation, by thermal contact at the
material penetration (e.g., at a pipe). Therefore, parallel conduction
involves all the foills in this case. One exception to this is the gap,
which is a discontinuity in the insulation that leads to additional
heat leaks by radiation alone.

The discussion of Appendix D leads to the conclusion that the
distance of perturbation decay is

e
!

i
Xgecay ™ B &, (1V-A-42)

Iv-25

rethur D.Little Yur.



Ty b— — —
Outer Foil Temperature
— XDeca

|
L
—

U,

" Y " W W . N

S S S S S SO SANSNN N,

Tank Wall Disturbance Within the Insulation

Flux Incident on QOuter Foil

ARRRRN

Change in Incident

Flux Distribution
T aj
Ta \&
2 —
Outer Foil XDecay_"
Temperature |

w\\\‘\\‘\\\XXXX\\\\\\\\\\\\X‘\XLH-
Tank Wall

FIGURE IV-A-11 SPREADING OF DISTURBANCES IN MULTILAYER INSULATION

IV-26




Now if we define the two conductivities according to the concepts
introduced in this section:

k, = k.t_ n/B (IV-A-43)

S §

i

k), = (measured constant) %

(IV-A-44
where kf is the conductivity of foil materials
tf is the thickness of the foils

n 1is the number of foils
B 1s the thickness of insulation

Note that n/B has a limit imposed by the desirability of avoiding large
conductive heat flow to the tank (viz. Figure IV-A-10). From the last
three equations we can express the decay distance as

Xdecay = (constant) n{,kftf (IV-A-45)

When the foils act as pure radiators at a constant emissivity & , the
constant can be evaluated, to give, approximately,

Zkftf

X decay = nL. — (IV-A-46)

/T &T
S

Where TS is the outer foll temperature.

The last equation illustrates a weakness of the concept as applied
to pure radiation foils: assuming Ts given, the local value of k
3 -3/2
varies as T foll and the local Xdecay varles as Tfoil . The last

formula implies that Xdecay is the same for all foils, whereas it will

be longer for the colder foils. Nevertheless, even for pure radiation
foils the decay distance varies directly as n(j kftf The idea of

using an effective n suggests itself; this corresponds to the physical
phenomenon previously alluded to, namely, that only a portion of the
foils, near the top, participate in conducting heat absorbed from the
radiation environment toward a penetration or toward a region of less
intense incident radiation.

The expression in equation (IV-A-46) assumes a much more precise
meaning in the analysis of thermal shorts though pure radiation foils,
glven in Appendix F,.

5. General Effect of Conduction on MLI Performance.

It i of interest to determine the effect of the internal perpen-
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dicular conduction component within foils, due to compressive contacts,
large numbers of small attachment pins or threads, etc., which are not
truly thermal shorts leading to local temperature perturbations, but
are disposed throughout the insulation and have an effect everywhere
within the insulation. 1In particular, it is important to ascertain
whether these will cause an appreciable change in the temperature of
the outer foil. To form some idea of this effect we consider a blanket
of insulation in a uniform radiation environment, hence, once again a
uni-dimensional situation.

In the absence of such conductive elements we have, as in Equation
(IV-A-34), for pure radiation heat transfer through the foils.

se (-1 % - @8y __, (1V-A-47)

o

In the presence of the conductive elements we must add a term to the
right-hand side of this equation:

4 4
U‘élo(Ta - Ts ) = (Q/A)rad + (Q/A)cond (1V-A-48)

By subtraction we obtain

4 4
e (Tt -1y = @ (1V-A-49)
)
A combination of (IV-A-37, 39) gives
4
(Q/A)rad = WTC‘. OTSO s (IV-A-SO)
which, by division into (IV-A-49) gives
4
Qcond TSo j Ts4
3 = T (IV-A-51)
rad f\ T
o

In these equations Ts and TS are the outer foll temperature with and
o
without the conductive component, respectively.

As an example, consider 20 foils of emissivity 0.04, with G,

equal to unity; then ﬁ equals 0.001. To produce a one-percent change
in the fourth power of the outer foll temperature (or one-quarter
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percent change in its first power), the conductive heat leak must be
ten times as large as the radiative heat leak; this would hardly be
tolerated. The required ratio of conductive to radiative heat leak
increases with the number of foils.

We conclude that in & properly designed system the internal
conductive component of heat leak through foils will not alter the
outer foll temperature appreciably.

6. Effect of Variable Foil Emissivity

The emissivity of the foils is temperature-dependent. This
dependence is not usually taken into account, the function & (T)
being rather uncertain in the absence of laboratory-controlled surface
purity. Hence, an estimate of the error involved in assuming & to
be constant is useful. To obtain such an estimate we assume a power
dependence, which is reasonable according to theoretical and experi-
mental results reported in the literature. (7,8)

Let the outer foil temperature of multilayer insulation on a
tank be T, and the tank temperature To’ and let this be true out to

large distances (uni-dimensional case). We have, for the heat flow
between two adjacent foils, a and b:

T (T 4 T 4)
Q = a b
2
&
4 4
- 3 C (Ta - Tb )
= 2
4
= Te A(T) (IV-A-52)
2

When the number n of foills is large, it is a good approximation to
write

ATy = 4T AT (IV-A-53)
so that

Q = 2Te T AT (IV-A-54)

If we now assume a power dependence for & ,

c=e (@ /Tl)I( (IV-A-55)
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where &, is the emissivity at temperature T,, then

24¢
Q = —-—:— T(3 +’€gT (IV-A-56)
T -

i

The differential process can now be reversed to give

Q = ——-——-‘-z A(T (4 +~’\) (IV-A-57)
4 + )T‘

At steady-state, the same amount of heat flows across each space
between foils, so that equations similar to (IV-A-57) can be added once
for each space, namely n times:

2 -
J¢ .
nQ = _—‘___1 (T14+'£' T04+k)
(4+‘,()Ti
or
oL 220 el To/z.y +5] (1V-A-58)
"5 (4 +¢)n 1 1 f
Now if the emissivity were constant at a values , (i.e., if X were
zero) , we would have !
Te 4 B T 4*
—_— - ; A
Q1= o ™ on rl 1 ( O/Tl ) | (IV-A-59

At cryogenic temperatures, the second term in brackets of both
(IV-A-58) and (IV-A-59) can be neglected. Hence, we can form the ratio

Q :
1=0 _ 4 +£ £
Q0 = A = 14 4 (1IV-A-60)

If the number of foils were truly infinite, the results above would
be exact. It is seen that the fractional error is £f4. Common values
for £ are between one-half and unity, giving an error between 12 to
25%.

Of course, if the emissivity is assumed constant at some inter-
mediate value, the error can be reduced; in fact, the value of é'
can be so chosen that the error is eliminated.
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7. Thermal Diffusion in Superinsulation

The transients in superinsulation will be highly complex, involving
as they do radiation and conduction (gas as well as solid), in a truly
three-dimensional medium. However, it is our purpose to consider here
only simple concepts such as diffusion parallel and transverse to the
insulation foils. 1In particular, we wish to form an estimate of the
transient time for heat flow in each of these two directions.,

The transient time may be characterized by
2
T =X'/a, (IV-A-61)

where X is a characteristic dimension in the direction of heat flow,

a is the thermal diffusivity of multifoils in that same direction.

a, Diffusion Parallel to Foils

For flow parallel to foils the characteristic dimension will be the
tank size, for instance the diameter D of a spherical tank. The transient
time will be

2
2 D f’C
C = 2 D = kf f (IV‘A‘62)
M foils f

where the subscript f refers to foil materials. €, ¢ and k are density,
heat capacity and thermal conductivity, respectively. For pure aluminum
foils, the transient time has the order of magnitude

. 2
—c“ = 2 (D/m) days (IV-A-63)

where D is in feet, Note that neither the thickness nor the number of
foils enters into the relationship.

b. Diffusion Normal to Foils

For flow across the foils the characteristic dimension will be the
thickness B of the insulation. The density and normal conductivity of
foils are

€= € /s (1V-A-64)

where tf is the foil thickness; and
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3
- TeTB -A-
k, = ——= (IV-A-65)

so that the characteristic time may be expressed as

2n2
= c_.t
Ty 7 e €ssts

where T is some characteristic temperature, say that of the outer insu-
lation foil, T . For pure aluminum foils with Tg = 300°K, ¢ = 0.04,

tf = 0.001 incﬁ, we have, approximately,
2
{a.= n” hours (IV-A-66)

. . . . , 3 . ,
This estimate is undoubtedly rough, since k varies as T  within the in-
sulation.

8. Comments Regarding the Location of Multilayer Insulation

In the present report as in other works, multilayer insulation is
considered as being applied directly on a cryogenic tank, implying that
that location is the best. Such may not be the case in a shrouded tank.,
An alternative location is on the inside of the shroud, as illustrated
in Figure IV-A-12.

Placing the insulation inside the shroud and away from tanks, with
the tanks left bare, is not expected to decrease the heat flow through
the insulation blanket. However, it does offer several advantages:

a. Simplicity

Manhole covers and other protuberances that must remain accessible
on the launch pad need not be covered with foils, eliminating the
necessity for complex joints in insulation.

b. Ground-hold

If the shroud is made reasonably (not absolutely) gas-tight, the
volume between tank and shroud can be filled with helium slightly above
one atmosphere, with a controlled slow leak to the atmosphere, to pre-
vent condensation of air components on the tank. It is possible that
some amount of insulation (e.g., foams) will be required at the shroud
to prevent condensation there.
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c. Ascent
With a gas-tight shroud, ascent decompression can be controlled
without an excessive amount of perforation in the foils (see chapter

IV-A-1 ‘and Appendix C),

d. Venting During Space Storage

Any leaks through the cryogenic tank walls can be vented to space
without going through the insulation and degrading its performance,
Of course, the effect of foil outgassing remains,

e. Payload Factor Improvement

It is possible to jettison all insulation and all structure no longer
needed, just prior to the terminal maneuver in which the stored pro-
pellant is to be used. It is known (9 that such a procedure leads to
important improvements in payload factor.

f. Qthers

Other advantages are: better control over contact stresses between
foils due to differential thermal contraction; a decrease in heat flow
through insulation attachments and other internal penetrations because
of the smaller temperature difference. (The innermost foil on the shroud
would be at about 90°K.)

One problem associated with insulating inside the shroud is due to
aerodynamic heating during ascent from earth. This problem is also
present when the insulation is on the tank. Foam or other types of
insulation placed just inside the shroud to prevent condensation can
be designed for protection against aerodynamic heating as well (and
jettisoned along with shroud and MLI prior to terminal maneuver if
desired).
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IV-B. MULTILAYER INSULATION AS A UNIFORM
BLANKET OVER A TANK

We analyze in this section the behavior of insulation independently
of major penetrations such as pipes and structural supports, but not
independently of penetrations internal to the insulation, which affect
the behavior of the latter in its detail, and can be considered to form
part of it. The reason for separating out the major penetrations has
been suggested in preceding sections (viz., Section III) and anticipates
Section IV-C, where it is shown that such major penetrations can be
effectively decoupled from the insulation; when this is done, as it
should be, these two major components can be analyzed separately to
determine the heat-inleakage contribution of each, for a subsequent
superposition.

Before proceeding to the general case of arbitrary distributions of
incident power on the tank insulation, the simple case of uniform in-

cident power, which is of some importance, will first be dealt with.

1. Uniform Incident Power--Any Foil System

Uniform incident thermal radiation flux intensity is more likely
to occur in the presence of a shroud surrounding the tank. As previously
suggested, such a shroud (i) will be necessary for protection against
ascent aerodynamic heating and micrometeoroids in space; (ii) can easily
be incorporated as part of the structure (from which the tanks can be
supported) ; and (iii) permits considering the "insulated-shroud "
alternative (see Section IV-A-8), which offers many advantages in the
design, application, and behavior of MLI systems. A shroud, even though
it receives a non-uniform space radiation flux over its outer surface,
will tend, by multiple reflections within the tank-shroud space and by
conduction along both the MLI foils and the shroud itself, to have an
inner surface (i.e., facing the tank), at uniform radiosity; this will
result in a more uniform flux incident on the tank insulation (see
Appendix A) ., Another cause that tends to render the flux incident on
the tank more uniform is the spinning or tumbling of a vehicle. It is
probable that the incident power will not be perfectly uniform; however,
uniformity may be assumed with acceptable accuracy in some circumstances
represented by the above examples.

The calculation of the total heat flow to a tank through a uniformly
irradiated insulation blanket is simple. In the case of pure radiation
foils, use is made of the concepts of T and K;developed in IV-A. Since

T_ is uniform (if the ratio o /€ is uniform over the outer foil) the
a ) o o
total heat flow will be

U= A THK %o 1 (1v-B-1)

Iv-35

Jethur 2. 4ittle e,



When there is conductive as well as radiative heat flow across the
foils, use can be made of an experimentally determined thermal conduc-
tance kL

(Q/A) :
k = experimental (IV-B-2)
L T -T,.
s liq
and the total heat flow is given by
Q = Atank kL (TS - Tliq) (Iv-B-3)
where, for the usual values of Bb
Ta .
T = —— = T (IV-B-4)

s

(1 +_‘i)l/4 a

2. Non-Uniform Incident Power--Pure Radiating Foils

a, Single Relationship Giving the Total Heat Flow

The analysis presented in Appendix E brings to light a most useful
relationship (theorem) for the case of pure radiating foils in an in-
cident flux environment of arbitrary distribution: the heat flow
through the foils and into the cryogenic tank is independent of thermal
conduction in the plane of the foils. That analysis assumes that there
is no net radiative parallel flow in the spaces between foils. As
mentioned in the opening statements of Section IV, this assumption is
equivalent to another one, that the radiative view factor between adj-
acent foils is unity. For closely-spaced foils as contemplated for
application in MLI for cryogenic space tanks, the assumption is very
nearly correct. Calculations based on this assumption lead to pre-
dictions of detailed temperature distributions that are verified satis-
factorily by experiment (see Section IV-F). Note again that the double
assumption regarding MLI, i.e., only radiation normal, and only con-
duction parallel, implies a carefully designed and applied insulation
system,

Based on the independence of the total heat flowon k, , that heat
flow can be calculated simply according to the relationships given in
Appendix E, or by assuming that k, 1is either zero or infinite; the
resulting total heat flow will be the same.
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b. Calculation of the Temperature
Distribution Within the Foils

The decoupling of thermal shorts, to be discussed in IV-C, does
not eliminate the heat leak around the short entirely,, though it
renders the heat flow through the insulation and the short independent
of one another. One part that remains dependent on the MLI tempera-
ture distribution is the heat flowing from the foils into the inter-
mediate insulation employed to effect the decoupling. This part may
have some importance, in which case it will be necessary to evaluate
it; for this purpose, the temperature distribution in the locality
of the short must be known. Usually this requires a calculation of
the entire temperature field within the MLI.

The need for calculating the temperature field may also arise
in the evaluation of heat flow through certain small internal pene-
trations which, although they do not interfere seriously with the
assumption of pure radiation foils (and, therefore, allow the use of
the theorem of Appendix E), still provide a contribution to the heat
flow that must be evaluated. The evaluation of such heat leaks de-
pends on first-power temperature differences rather than on fourth-
power, and thus requires some knowledge of the temperature field.

The calculation of the temperature distribution within MLI in the
general case will be discussed in Section IV-E. 1In addition, if cer-
tain scaling laws are obeyed (see Section IV-D), the temperature dis-
tribution within pure radiating foils around a tank can be deduced
from the known (by test or calculation) distribution on another,
geometrically similar tank in a geometrically similar radiation environ-
ment. Two simplifying conditions can occur, however, that may permit
of a rapid calculation.

The distance for the decay of a perturbation was given as
B |k, 7k, in chapter IV-A-4. The ratio between this distance and a
representative tank dimension D, can be used as a criterion in two
extreme cases.

When By k, /k, /D>>1, then for the purpose of calculating
heat flow through penetrations, the foils may be taken to be isothermal.
In such a case, a heat balance between the incident and re-radiated
powers suffices to establish the value of the (isothermal)outer foil
temperature TS = T . This value is used as the warm-end temperature
of the penetrations or decouplers.

When B J'k" /k, /D <<1, the foils may be assumed not to conduct
in their own plane, and the value of Ts at a point is established from
a heat balance between the local incident and local re-radiated powers
at that point. In such a case, the calculation of the warm-end tem-
peratures for the penetrations depends on a knowledge of the distribution
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of incident power, which is a more demanding requirement than when
d‘k" 7k_l‘771 Nevertheless, for this case also, there is no need to
calculate the entire temperature field within the MLI.

3. Non-Uniform Incident Power--Foils With Normal Conduction

If the conductive heat flow normal to foils cannot be neglected
nor separated from the radiative heat flow, the problem of determining
either the total heat flow or the temperature distribution becomes, in
principle, much more difficult to solve. Usually in such cases (e.g.,
compressed foils) the "thermal conductance" of the conductive component
is unknown, and the ratio between the local heat flux and the local
temperature gradient (i.e., the "local k ”) is an unknown function of
the local temperature within the foils.

If knowledge of the temperature distribution in such a case is cri-
tical, it would be best to design the system once more, for reliance
cannot be had on calculations except within a large error. Moreover,
tests can have little meaning, for controlled tests under realistic
conditions imply a knowledge and control over the operational conditions,
which is contrary to the situation postulated.
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IV-C. PENETRATIONS AND DISCONTINUITIES
IN MULTILAYER INSULATION

1. Basic Effect of a Penetration or a Discontinuity

Suppose there is a '"break' or discontinuity in the multifoil insu-
lation. The immediate result is that, whereas with continuous layers
the energy was forced to flow from layer to layer by radiation (and
conduction), there is now in the gap between adjacent ends of foils a
path for radiation to bypass one or more layers. This radiation can be
emitted from the uppermost layer that may not be broken, or from the
space between layers. Consequently, more heat flows toward the tank
wall than if there were no discontinuity. An example of this class of
problem is analyzed in Reference 10.

A similar effect occurs if a piece of material penetrates through
the insulation. The edge of the multifoil insulation will be in some
thermal contact with that piece of material. Additional heat can flow
to the tank by radiation from upper multifoil layers toward the tank,
with partial reflection from the piece of material toward the tank wall,
and partial absorption by the piece, with re-emission and conduction
toward the tank. If the ends of the foil are in mechanical contact with
the piece, and if, as is usual, the piece is of thermal conductivity
greater than k;, there will be a heat inleakage by conduction, from the
ends of the foils into the piece, as well as radiation from the space
between foils absorbed by the piece, and conducted into the tank.

It is thus clear that any penetration in the multifoil insulation
leads to an increase in heat leak into the tank over that which would
exist if the penetration and foils were thermally decoupled. The problem
is to assess the importance of such leaks and minimize the important
ones, An appreciation of the mechanism and general behavior of penetra-
tions is useful for this purpose.

The sketch at the top of Figure IV-C-1 illustrates the path followed
by the heat leak added due to a penetration, as just now explained. The
sketch at the bottom of the same figure represents the resistances to
this additional heat flow along its path: (i) from the environment to
the outer foil, (ii)through and along the foils and (iii) along the pene-
tration. The heat actually flows in a complex pattern, so that the
representation in terms of three resistances is not exact; however, the
concept is useful for delineating between various penetrations. In prac-
tical cases, the resistance R, is very low; equivalently, the outer foil
is very nearly at the adiabatlc wall temperature T_ (see Section IV-A)
over most of its surface., Consequently, the heat Teak may be said to be
controlled by two resistances: R, and . One may immediately classify a
penetration within three categories, according as the ratio R,/ is
small, near unity or large. In anticipation of Chapter IV-C-3, penetrations
so classified are defined as weak, strong, or absolute thermal shorts,
respectively.
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Suppose we now fix the value of R, that is, we consider insulation
consisting of a given number of foils of specified type. Let us also
fix the geometry of the penetration (e.g., the diameter of a pipe, pin,
thread, etc.), and vary the thermal conductivity, k, of the penetration
material. The resulting variation in the heat leak is illustrated in
Figure IV-C-2. At low values of kA/B, (where A is the penetration cross-
section, B is the thickness of insulation), the heat leak varies directly
as kA/B, which is the conductance of the penetration, 1/R_. Eventually,
at high values of kA/B (low values of RP),"the resistance R.controls,
and the heat leak reaches an asymptotic value. At the same time, the
temperature drop across the penetration, which is nearly constant when
Rp controls, decreases to zero as kA/B attains large values (as Rp
vanishes) .

A measure of the ratio RH/RP can be found in terms of the foil
and penetration properties.

R, /RP”V"E—klIE‘ (IV-C-1)

0

where w is the width of the penetration (e.g., pipe wall thickness,
width of straight strip, etc.). This parameter will appear several
times in subsequent analyses.

2. Radiative Heat Leaks Through a Gap

Radiative heat leaks through various discontinuities in(TH}tilayer
insulation have been treated in a previous topical report . We
present here the important results for a gap in the insulation. The
geometry and nomenclature describing such a gap are shown in Figure
IV-C-3. The important variable is the gap width, 8.

The resulting heat leak into a tank is given graphically in Figure
IV-C-4, as a function of § /B, the ratio of gap width to insulation
thickness. The heat leak is represented by an effective width, S , of
. ) . efg
insulating panel that would transmit the same flux as does the gap for
the same temperatures. An example will illustrate the use of the graph.

We consider a cylindrical tank 10 feet long, 10 feet in diameter,
with flat ends and insulated with 80 layers of metal foil having an
emissivity of 0.04 and total thickness of one inch. If the insulation
is applied in four sections, namely, two end disks, and two halves of
a cylindrical shell, the total length of seam is 80 feet. The total
area of the tank surface is 450 ft°. The shielding factor n(% -1
is about 4000.

If we allow a gap width at the seams of§= 0.1 inch, then &§/B = 0.1,
and from the upper curve in Figure IV-C-4, we find that Seff/B = 102,
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Therefore, § = 102 inches = 8.5 feet, and the effective area of the
seams is 8.5 ft x 80 ft = 680 ft2, Since the total area of the tank is
450 ft“, the seams cause an additional heat input of 150%.

3. Gradation of Thermal Shorts

The additional energy that flows to the tank through a penetration
originates from the radiation environment. Since, as we have seen in
Section IV-A, the net heat input arises from a difference Ta4 - Tg", then
where the heat inleakage is increased locally, that difference must in-
crease., Therefore, the outer foil temperature T; must be depressed in
the neighborhood of a penetration. This depression, AT, will be largest
right at the penetration. This maximum depression is defined as A T}
an illustration is given in Figure IV-C-5. 1In a given insulation and
for a given geometry, & T . . depends on the amount of heat inleakage,
and, therefore, on the conductance of the penetration. If the latter is
high, so will be the depression. In a certain range of conductances,
ZSTmax will be small enough so that the calculation of the additiomal
conductive or radiative heat leak can be made assuming that the full
temperature gradient of the undisturbed insulation is applied across
the conductance, without serious error.

The calculation of the heat flow through a penetration in MLI is
a complicated affair in the general case, involving both radiation and
conduction, with some uncertainties regarding thermal contact resistance.
Therefore, it will be extremely useful to be able to recognize those
cases where the complication can be avoided., As suggested in the
previous paragraph, it can be avoided whenz&Tmax is small, for then a
good approximation to the heat leak through the penetration is simply

. kA i
(TS T

QENETRATION ~ B ) (Iv-Cc-2)

liq

where T; is the outer foil temperature in the undisturbed insulation.
The error in (Tg - Tliq) is ATpax, and it is on the conservative side.
Actually, Tg can be replaced by Tz since we have seen in Section IV-A
that T, - Tg is very small in undisturbed insulation. However, in order
to recognize that the simplified equation (IV-C-2) can be applied for a
given penetration, we still need to know what is the value of AT, Pro-
duced by that penetration. This requires a relation that can only be
obtained from analysis.

The linearized analysis of Appendix D is of aid in this respect.
In that appendix, there are two linearizations. The first is based on the
assumption that kl is uniform at some mean value; it was useful in deter-
mining decay distances for perturbations, and it can be used here in
obtaining a good estimate of z&rmax. The second is a linearization in
the boundary condition at the outer foil, the latter condition being
expressed as
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@A

const (Ta -T) (Iv-Cc-3)

instead of

@M in = T ey (r* - 1.4 (1V-C-4)

which is the exact expression for the net heat flux into the insulation.
Now Equation (IV-C-4) can be re-written as

3 ,
@A), = bwer’ (T, -T) @ (IV-C-5)
with
1 Ts Ts2 T53
1; = 7 0+ + — + —3) (IV-C-6)
a Ta Ta

The limiting values of ¢ are: unity when TS = Ta and 0.25 when TS = 0.
Suppose AT .. = 0.1 T,. Then the lowest value of T;, on the outer foil
will be 0.9 Tz, and the lowest value of ¢ will be 0.86, If @ is main-
tained between 0.86 and unity, equation (IV-C-5) can be replaced by
(Iv-C-3) with an error no greater than 147% (actually less). Maintaining

AT «< 0.1 T, allows this. It also allows the use of equation (IV-C-2)
2 "max a
within 10%.

We arbitrarily define a weak thermal short as one for which

A Tmax

T < 0.1 (Iv-c-7)
a

A strong thermal short is one for which

AT ay
0.1< —== < 1 (IV-C-8)
a

Finally, an absolute thermal short is one for which
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= 1 (Iv-c-9)

It will be noted that this generalized definition in no way implies
that a weak thermal short necessarily leads to a low heat leak. A thermal
short can be defined as weak or otherwise only in terms of the insulation
which it penetrates. In fact, the same penetration (of given geometry
and properties) can be a weak short and produce a high heat leak in cer-
tain insulations and be a strong one, producing a low heat leak in others.
Figure IV-C-5 shows ASTmax as varying from one insulation to another for
a given penetration. Obviously if AT . is large, the actual tempera-
ture drop across a given penetration will be low, giving a low heat leak.

A weak short should be thought of as one permitting a linearized
analysis and a simple heat flow calculation. The properties associated
with weak shorts will now be discussed.

4, Limits to Weak or Linear Shorts

An analysis similar to that of Appendix D was performed to analyze
the thermal behavior of the general cylindrical penetration.

Figure IV-C-6 shows maxima of the parameter wk,/B for which penetra-
tions' of various radii remain in the weak thermal short category, as defined
by Equation (IV-C-7). The curves have n, the number of foils, as para-
meter, and are for penetrations in two-mil aluminum foils. Figure
IV-C-7 gives the same results for penetrations in aluminized Mylar foils.

The quantity w, representing penetration width, or cylinder wall
thickness, has of course a physical maximum in the latter case., This
maximum is ro/2, representing a full cylinder. 1In fact, for full cylinders,
in both figures the parameter wk,/B can be replaced bylﬁrO/ZB.

In both figures, the curves tend to asymptotic values of wk,/B as r
becomes large. These asymptotic values are therefore applicable to
straight strips, such as might be used on the edges of panels of insula-
tion. The results for such straight strips have been interpreted in
terms of various penetration materials, for two thickness of each of
the two types of insulation, in Figure IV-C-8.

5. §Strong or Non-Linear Shorts

The analysis of the general cylindrical short, without linearizations,
presented in Appendix F, reveals the dependence of the added heat flow
due to the penetration on three parameters: Fiﬂp and v _. The determina-
tion of this dependence is left to future work. However, it is possible
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to locate, in this significant group of parameters, the limits between
weak and strong thermal shorts. The limits are shown in Figure IV-C-9.
The curves presented there are applicable to any type of foil, in any
number (down to about five), and for penetration of all radii, thermal
conductivities and wall thicknesses.,

The three parameters K,V and v, are defined in Appendix F. With
reference to the resistance concept introduced in Chapter IV-C-1,
and chan be shown to have the following significance:

Y= R,/R, (1IV-C-10)

K= R;/R, (Iv-Cc-11)

It is seen from Figure IV-C-9 that for the usual values (0.0001 to
0.001), /A does not have a large influence on the limiting values of Y
for weak shorts. The reason is that at such low values, the "environ-
mental resistance' Ry cannot control the heat flow.

v, is a geometrical parameter, which can be shown to have the follow-
ing significance:

v, = ro/xDecay (Iv-c-12)

Since in practical cases is the order of inches, and even several
feet, v, will usually be sma11Yfor insulation attachments (pins, threads,
etc,) and of the order of unity for pipes. For straight strips (e.g.,
edges of insulation panels), v_becomes infinite and loses its influence
(this is not indicated in Figufe IV-C-9).

6. Design of Thermal Shorts When a Choice is Possible

We consider a given insulation: fixed number and type of foils,
fixed insulation thickness B. Suppose that penetrations of a given
material must be introduced to fulfill a certain function. The function
may dictate the number of such penetrations, or their total cross-
sectional area, or the radius of each, or the material. If a choice
is left as to the radius and wall thickness, then it may be possible
to choose a combination of these quantities so as to minimize the heat
leak.

As an example, suppose that the total cross-sectional area of these
penetrations is fixed. That is
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n2wrw (l- =) =n2"rw = A a constant (Iv-c-13)
P 0 2r p- o eq | tot

where n_, w,r are the number, wall thickness, and radius of penetration,
respectively, and A¢otr is the total cross-section of all the penetra-
tions. Such a condition might apply, for instance, to insulation attach-
ments required to support the foils under launch acceleration. In this
situation, the three variables are at the disposal of the designer,
within a certain reasonable range. Since the thickness, B, of insula-
tion and the thermal conductivity k,of the short are given, we can

write

wgﬂE} ATot: ky

B ee—————

B  2tn rB
p o

constant

T (IV-C-14)

Corresponding to the insulation in question there will be one curve
of the type shown in Figures IV-C-6 and 7, giving the maximum value of
wk, /B for weak shorts as a function of r_. On the same graph, curves
representing equation (IV-C-14) at fixed can also be drawn; these
will be straight lines at a negative slope of 450, and will be higher
on the graph the smaller the value of 0.

Consider the highest of such lines, corresponding to the minimum
practicable number of penetrations. If it has points above the curve
of maximum wk; /B, it is possible to design the penetrations as strong
shorts. For these, z&T“mx =XT,>0.1 T,, so that

(AT)penetrations = Ta- ATmax- Tliq
= (1 - X) Ta - Tliq
- -C-15
<0.9 Ta Tliq (IV-C-15)
or
IV-C-16
(JKT)penetrations < (A T)weak short ( )

(atrong short)
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The heat flow through all the penetrations will be

_ AToTk‘
B B

Qpen (ZST)penetrations
= constant (tlT)penetrations
< constant (AT)Weak shorts (Iv-C-17)
or
Qpen < Qweak shorts (IV-C-18)

The further the point is above the curve of maximum wk, /B, the smaller
will be Q,.,- Since we are considering points on the line of lowest
practicable n_, the furthest point will be attained by varying r .
However, therg will be practical limits to that variable also.

7. Decoupling of Thermal Shorts

When penetrations in thermal contact with the foil edges produce
unacceptable heat leaks, it is necessary to interrupt that thermal
contact. Mere separation of the penetration from the foil edges may
not be satisfactory, for it introduces a gap that allows radiative heat
leaks to the tank (see Chapter IV-C-3). Gaps around the perimeter of
a penetration of modest radius may be tolerable (an example would be a
small vent pipe (10)), provided there is adequate assurance that the
gap will not widen or close unpredictably owing to distortions in the
insulation blanket. Such distortions could be caused by thermal con-
traction during filling, by loading during launch acceleration, or by
pressure differences within foils during ascent decompression.

There are cases where a gap is intolerable. Some examples are:
(i) penetrations consisting of long straight strips, e.g., along a con-
tinuous support membrane, or along the edge of an insulation panel;
(ii) circular penetrations of large radius, e.g., around a manhole or
a transfer line; and (iii) perhaps a large number of small penetrations.
In such cases it will be necessary to close the gap with some material
of isotropic, low thermal conductivity. This procedure is illustrated
schematically in Figure IV-C-10(a). Examples of insulator materials
that appear promising are evacuated glass fiber and evacuated powder.
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Figure IV-C-10(b) represents a square section of intermediary in-
sulation at a corner, which protects the foils in one direction from
being shorted by those in the other direction. The environmental radia-
tion is incident on both outer surfaces of multilayer insulation. The
radius of the short is large (ro>> Xpeca ). 1If ky is the thermal con-
ductivity of the intermediary insulation,” the heat leak per unit length
normal to the drawing can be shown to be

Qcorner = k2 (Ta B Tliq) (Iv-C-19)
The dimensions of the square do not enter into the result. For T, = 2800K,
T1iq = 20°K and ky = 3.0 x 10-3 353:52—8— (evacuated powder), the heat
ft -hr- R
leak for one foot of such insulation will be 0,112 Eﬁ% o

Figure IV-C-10(c) shows a square section of intermediary insula-
tion, the upper side of which is adiabatic. This represents the joint
between the tank wall and a large pipe or between the tank wall and
support in the form of a sheet of metal, with negligible heat flow from
the warm end to which these elements would presumably be connected. For
this case, the heat leak per unit length can be shown to be

Q 0.74 ky (T, - T,.) (IV-C-20)

adiabatic
upper side

liq

The next case to be treated is a square section of intermediary
insulation, the upper side of which receives the same solar flux as does
the multilayer insulation. This represents a possible protection scheme
for a seam on a side of the tank exposed to direct solar radiation. The
surface absorbtivity-to-emissivity ratio on the exposed side of the inter-
mediary insulation is assumed to be the same as for the outer surface
of the insulation. This case is not shown, but would be that shown in
Figure IV-C-10(d) without the stiff shield covering the intermediary
insulation. The problem is non-linear and must be solved for each
combination of ky, & /e  and (I, - Tliq)' We have carried out the com-
putation for one such combination:

-3 Btu-in o
k, = 3.0 x 10 =, a /e =0.2, and (T. - T,. ) = 260 K. The
2 ftz-oR-hr o o a liq
result is:
exposed 0.215 Btu/ft-hr (Iv-c-21)

upper side

In order to compare this result with the previous one, we write
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2.08 x 1072 k, (T, - T,
Q - a liq
exposed 4.3 x 1070 x 260
upper side v

)

1.86 k, (T, - T ;) (IV-C-22)

The last equation is for comparison with Equation (IV-C-20) only, and
cannot be applied as written except when the specific quantities k,,
etc., given above, are used. It indicates that for given values o%

the parameters, the heat flow can be more than doubled when the upper
side of the intermediary insulation is left exposed. This is the reason
for the stiff protective shield shown in Figure IV-C-10(d).

Figures IV-C-11 and IV-C-12 illustrate methods of using inter-
mediary insulation for structural strips, seams and pipes. These figures
are self-explanatory. The use of thin shaped strips as suggested in
the lower sketch of Figure IV-C-11, also in Figure IV-C-12(b) can be
highly valuable in solving the complex topological problems arising when
combined thermal, structural and geometrical requirements are to be met.
These shaped strips are equivalent to the stacked stainless steel washers
discussed in Section IV-A; they are insulated from one another by a fine
powder, and in vacuum they offer a high resistance to heat flow across
adjacent strips.

The decouplers discussed so far have been square in cross-section.
The question remains how, in this cross-section, the dimension parallel
to the tank (shown as b in Figure IV-C-13) should be related to the
thickness B of the insulation. In the case where the decoupling material
has its exposed upper side shielded, as in Figure IV-C-10(d), the question
can be settled by a linear analysis. Such an analysis has been per-
formed, with the result shown in Figure IV-C-13, where the normalized
added heat flow due to the penetration is plotted against the geometrical
ratio b/B for various values of the parameter 7 . The latter may be
taken to represent the conductance of the penetration. It is seen from
the figure that, no matter how high that conductance is, its effect is
no longer felt when b/B = 1. Specifically, with a decoupler having a
square cross-section, the heat flow per unit length (L) depends only
on the thermal conductivity k, of the decoupler material and on the
temperature difference Tg - Tyj4- In fact, the horizontal asymptotic
line in Figure IV-C-13 may be written

Q=0.74 k, (Ts -T..) (Iv-c-23)

liq

which is exactly Equation IV-C-20 when TS = Ta'
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MULTILAYER INSULATION PENETRATING STRUCTURAL
SUPPORT
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FIGURE IV-C-11 EXAMPLES OF THE USE OF INTERMEDIARY
INSULATION FOR STRUCTURAL STRIPS OR
SEAMS
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The curves of Figure IV-C-13 reveal one more thing: when)A\«0.67,
the heat flow increases as b/B increases. Therefore, a decoupler is
useless or worse, if its thermal conductivity ko is such that { is less
than 0.67. For a decoupler to be useful we must have

w k,

k)< 0678

2 (Iv-Cc-24)

8. Penetrations with Temperature-Dependent Thermal Conductivity

Over the temperature range from cryogenic to equilibrium under solar
radiation (i.e., 20 - 400°K) the thermal conductivity of most materials
changes markedly. The form of this temperature dependence is almost as
varied as are the materials. Hence, a general analysis accounting for
all possibilities is not possible. Moreover, there is the added
diversity in foil type, number, and emissivity.

To show the effect of temperature-dependent conductivity, we have
considered the case where each foil is isothermal, that is, where
B\/k /k /D>»1, with a uniform intensity I of incident radiation over
the outer insulation foil. Thus, the temperature is a function only of
distance from the tank surface, and at a given point is the same for
the penetration and for the foil situated there. Hence, this is a uni-
dimensional problem.

We may write for the total heat flow across two adjacent foils,
including that due to the penetration:

4
A TA(T)
Q= S—— +AK@D 2= (IV-C-25)
G -Db Ay

where A  and A, are areas shown in Figure IV-C-14, But Ay = B/n; also,
2/e >>1; therefore,

A o cBA (T")

QAy = on + Alk(T) AT (1Iv-C-26)

When the number, n, of foils is large, the differences can be replaced
by differentials

Ao €Bd (T")
Qdy = —n— *+ Alk(T) dT (IV-C-27)
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At steady-state, the same heat Q flows across each pair of foils.
Therefore, Equation (IV-C-27) can be integrated as follows, between
the limits y = 0, B and T = Tliq’ TS:

lIiS
Aog_€ 4 A1
Q=" T, ~Ty3 +3 k (T) dT (1v-C-28)
T1iq

If k (T) is known, the last equation gives Q as a function of Tg.
Another expression can be set down for Q, in terms of the incident
radiation I and the outer foil surface properties yb, €,"

o
it

4
A0 (“o I -\'reoTs )

4 4
A ge, (T, -T.) (IV-C-29)

Here we have neglected Al as being small compared to Ao.

Equations (IV-C-28 and 29) are sufficient to determine Q, if k(T)
is known. We have considered the following form:

p
k =k, (T/Ta) (Iv-c-30)

For such a form, it is found that a general relationship exists between
a normalized Q and a parameter involving the quantities of interest:

Q K e
s ToR f E G (IV-C-31)
o o
where
Al ka Ta
G = W (1Iv-c-32)

When G = 0 (no penetrations), f (G, p) = O and Equation (IV-C-31)
becomes the usual one.

Figure IV-C-14 shows the relation for p = -1, 0 and +1, and for
particular values of T, and Tliq' When G is less than 0.1,
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f=—ae, pk -1 (IV-C-33)

p+1
f = Gln (Ta/Tliq), p= -1 (Iv-C-34)
When G is very large
fo—te (Gaw) (IV-C-35)
1+

so that Q = A o(o I. This last result is of very little interest, but
is shown in ofder to complete the picture in Figure IV-C-14.
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IV-D. GENERAL SCALING RELATIONSHIPS

The heat leak through a penetration in multilayer insulation depends
on the temperature distribution and external radiation flux in the
locality of the penetration. Hence, there is a need to know that tem-
perature distribution for an accurate assessment of the total heat leak
to the tank. Fortunately, the penetrations themselves affect the tem-
perature distribution in MLI either slightly or only locally. A strong
short that has an extensive effect is by definition an intolerable one
that must be decoupled from the MLI, in other words rendered weak.

Thus, penetrations do not feed back strongly on the thermal state of
the MLI, although their behavior depends on that thermal state.

It follows that the determination of the temperature distribution
within the MLI, with or without penetrations, is desirable. The
possibility of measuring the temperatures on a thermal model of a tank
system and applying scaling laws to predict the distribution on a
geometrically similar prototype is attractive in this context. We will
now present the laws that must be obeyed in such a scaling process,
in MLI blankets with or without penetrations. First, we will consider
the MLI blanket alone.

1. 1Insulation Blanket

Following a development similar to that presented in Appendix F,
a steady-state heat balance equation in three orthogonal coordinates
can be written, governing the temperature within MLI, as follows:

3 2
2 ge T D 2.4 2 2
(’ 2.08% 9 &+ 2 2+ ))—0—62’:0 (IV-D-1)
\ 2 kt n D u 5€ ‘3‘
where
u = y/B
Yy = perpendicular distance from the tank surface
B = thickness of insulation
b3 : = x/D, z/p
»
X,z = coordinates parallel to the tank surface (normal to y)
D = a representative tank dimension
e = T/T
a,max
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T4 X o Imax
a,max € q

]
L]

max maximum external incident flux intensity

€ €57 k, t, n, as previously defined.

The coefficient of the first term can be written as:

TeT 3 2 2
y e e D (1V-D-2)
2 n” kt xDecay

where Xpgogy 15 as defined in Appendix D with T, = Ta,max‘ The co-
efficient y can also be expressed in terms of I ..

3/6 2
v’ = A AL Imax> — (1V-D-3)

o ktn
There are two boundary conditions for this problem, since the variables

¢S and jfgird the tank and hence have no boundaries. The two conditions
are:

u = 0: 6 = Tliq/Ta,max (IV-D-4)

c
1]

4

. Q8 - 4 S -D-
1.yiau+94_ea (E,) (IV-D-5)
where Ki is as before and

ea" (s,g) = (Ta/T )4 = I—(Li) (IV-D-6)

a,max I

Solutions © (U’E ,g), for all geometrically similar tanks for
which the normalized flux distribution I/I,, is similar, will depend
on the parametersy”, and T, /T, maxe The solutions will be
similar for any set of these pargmetérs. If, as is usual, the last
parameter, Ty, /Ta,max is small compared with unity, the condition’
that it be kept constant is not a very stringent one; the other two
parameters are usually the important ones.
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The heat flow into the tank through the insulation blanket is,
from Appendix E, (neglecting Tliqa)

QB = ﬂ K o deA (1V"D"7)

where the integral is performed over the entire tank area. Equation (Iv-b-7)
can be re-arranged:

QG = ’i% I ax p? f (I/Imax) d£ d S’ (1V-D-8)

For similar cases, I/Imax is the same function oftg and_f'; hence, the
integral in (IV-D-8) is a constant. - Therefore, we have, for similar cases:

Q - (constant)'i(p( I 1) (1V-D-9)

O max

provided that € has the same dependence on temperature for similar
cases (which will be true if the same foil material is used in each
case), or that ¢ is not a function of temperature (we have seen that
little error is incurred in assuming that the latter is true). Since
'i is presumed constant, we may rewrite QB as:

2
QB = (constant) g Imax D (Iv-D-10)

The condition that the first two parameters, Yy~ and be kept con-
stant leaves some choice in the selection of the remaining variables.
This choice will determine the scaling factor to be used in computing
Qp for a particular tank from the results (test or computer) on a
similar tank of different size. 1In the following two examples, € and
kt are kept constant and the same foils are used.

a. If n/D is kept constant, then for similarity,

X o Imax must vary as 1/D (Iv-D-11)

and

€, must vary as 1/D (1V-D-12)

If these relationships are adhered to, Qg will vary as D. Suppose that
one were interested in determining the heat flow into a cylindgical
cryogenic tank 20-ft. long, eight feet in diameter, axis at 45 to the
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direction of the sun and insulated with 40 layers of a certain foil.
The absorptivity, do’ is 0.1 (i.e., 10 per cent of the solar radiation
is absorbed) and the emissivity of the outer foil is 0.2. We have a
test tank 4-ft. in diameter, 10 feet long.

For these similarity conditions are need to use 20 layers of foil
(n/D the same in both cases), 4 = 0.2 andg= 0.4 and I is identi-
cal as in the angle incident to the radiation. If Q measured is 8
watts, then we would predict QB for the large tank to be 16 watts.

2
b, If n/D” is kept constant, then for similarity,

2/3
oo I max MuUst vary as D (IV-D-13)

and
, 2
¢ must vary as 1/D (1v-D-14)

If these relationships are adhered to, Q, will vary as D8/3. Suppose
the 20-ft. tank referred to above were insulated with 80 layers of
foil, we could still use the test tank (10-ft. diameter) with 20 layers
since now n/D” is the same in both cases. For similarity of QO and EO,

Ao (large tank)= ( D (large tank)) 2/3 = 22/3
A (test tank) D (test tank )
R (test tank )= 0'1/22/3 = 0.063
¢  (large tank) _ ‘
and 0 - ¢ D (large tank) ) 2 _ %2

éo (test tank ) D (test tank)
Eo (test tank) = (0.2)(4) = 0.8

These are the values of =\ and& which must be used on the test
tank for similarity considerafions.® If experiments on the small tank
showed that the heat leak QB = 2 watts, then we would predict for the
large tank. 8/3

QB =2 (2) = 12 watts

2. Penetrations

We have seen that for similarity in MLI, three parameters must be
kept constant. In the case of penetrations, there are also some simi-
larity parameters. In Appendix F, a set of these has been developed
for cylindrical thermal shorts, Most shorts through MLI will be cylin-
drical, with their radius finite or infinite (straight strips). For
non-cylindrical shorts, it is possible to transform Equation (F-17) into
a new set of orthogonal coordinates, one of which is constant on the
periphery of the thermal short. Such a transformation will not alter
the significance of the parameters¥,Y , v_and 81iq, but will change the
solution © (u,--,--) and the value of the Reat flow integral, which for
cylindrical coordinates is given by (F-35). Therefore, for similarity it
is still necessary and sufficient to keep the four parameters constant.
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Since one of the boundary conditions for any short is 04 = f(u) at large
distances, then f(u) must be the same for similarity; hence, the blanket
temperature distribution must also be similar, ™e may, therefore, list
the requirements for similarity as follows;:

Parameter to be kept constant

Insulation -
Blanket: Y, " Tliq/Ta,max

Penetration v ri“ Tliq/Ta 1%
J

Suppose we have satisfied the similarity requirements for the MLI
blanket, and we wish, in addition, to satisfy similarity for the pene-
trations. The requirement for K\ is already satisfied. If we locate
the penetration at the same geometrical location (i.e., sameg andS) ,
then since Ta/Ta,max }s the same function of £ and for similar blanket
cases, and since Tq, /T is the same, we will have, at the pene-
tration, Tliq/Ta ligima,max

Tliq/Ta max
Tliq/Ta = Tt (1V-D-15)
a’ "a,max
= (constant) f (g,f)
= constant (Iv-D-16)
Comparing v, (Appendix F) and \ , we see that their ratio is
vo
2w, /) (1V-D-17)

Therefore, since Y/ is constant for the blanket, keeping ro/D constant
is sufficient to ensure that Vo be constant. Fixing the ratio between
r, and D keeps the size of the penetration on the same scale as the
tank. Finally, the parameter Y, which is particular to the penetration
and not to the blanket, must be kept constant. Incidentally, it is
possible to keep}‘lconstant in a variety of ways. To recapitulate:

For similar MLI: Y ﬁ‘, eliq constant.

For similar shorts: same scale as tank, similar
location on tank, y/'constann
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IV-E. METHODS OF TEMPERATURE FIELD AND
HEAT FLOW COMPUTAT IONS

Experimental results show that with care in design and application,
multilayer insulation can be made to perform as intended, namely, as
a stack of pure radiating foils. When this is so, many simplifications
can be made in the determination of the heat flow through the insulation
blanket. The presence of penetrations does not interfere seriously
with this heat flow, because the disturbances in temperature that they
cause is small. First, the average outer foil temperature is changed
by a negligible amount. Second, disturbances within the MLI are either
small (weak shorts) or localized.

On the other hand, as stated in IV-F, the heat leak through pene-
trations depends on local MLI temperatures, as well as on the local
incident flux intensity. Except in special cases (e.g., uniform internal
radiation environment), these local conditions cannot be determined
with accuracy except by solving simultaneously for both the temperature
distribution within the MLI and the incident radiosity distribution
on the outer foil. While again it is valid in many cases to simplify
the problem of calculating penetrati?n heat leaks by some conservative
averaging process (e.g., using (fﬁsl 4 for T as a mean outer foil

temperature), strong shorts present a more pressing computational problem,
that cannot be approached by linearization. Also, even without pene-

trations, the estimation of incident radiosity depends on conduction
parallel to foils in cases where the radiation incident on the shroud
is not fixed but depends on multiple reflections between the shroud
and some other part of a vehicle, or between the shroud and another
body such as the lunar surface.

Regardless of the usefulness, desirability or even apparent necessity
of making a full-scale computation of the temperature field within MLI,
the validity of such a computation must enter into the decision whether
or not to carry it out. Now the validity hinges very critically on our
knowledge of the detailed properties of the MLI in question.

In the case of pure radiating foils of known radiative properties,
the detailed computation will have some significances, provided the heat
flow across foils is taken to be radiative in the heat balance equations
for difference elements, either by writing down the radiative heat
transfer terms or by considering k;to vary with the third power of the
local absolute temperature. The assumption that k,;is uniform, at some
mean value, is useful for screening purposes, and to clarify certain
situations, but it is not valid in the prediction of heat flow into
strong penetrations. Finally, to assume k, to be some arbitrary function
of temperature, places the analysis on dangerous grounds. The conductive
contribution to normal heat flow in MLI is due to the presence of a
gas and/or mechanical contacts between foils or between foils and spacers.
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The contact pressure, or the gas density, are extremely difficult to
predict (the designer strives to avoid them altogether) and since the
conductive component is a strong function of these causes, analysis

will not give definitive answers.

Certain cases have been analyzed for
been presented in a topical report
is based on a constant value of k;. The
and described to some extent therein, is
This method (13) permits the subdivision
into a smaller number of larger elements

An ana1y31s for the more significant
(ky~T ) has been made for special cases

screening purposes, and have
The analysis of reference (11)
analytical method employed,
called the method of zones.

of a medium (the MLI blanket)
for a given accuracy.

case of pure radiating foils
(see Section IV-F). When the

number of foils in the insulation is very small (e.g., less than 5),
it may be desirable to abandon the concept of a continuous medium, and
analyze each foil individually. Such a procedure was adopted in some

of the calculations presented in Section
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IV-F. CORRELATION OF THEORY WITH EXPERIMENT

1. Geometrical Considerations

Figure IV-F-1 shows a cross-section through the axis of the tank
used in the experimental program. It is seen that the section is
symmetrical about the mid-plane except for the support neck (which also
serves as the fill-and-vent duct). Three types of sections form the
tank: a cylindrical section girding the tank; two toroidal sectioms,
one above and one below the cylinder; and a spherical section at top
and at bottom. The neck is guarded in such a way that the heat input
to the tank by either conduction along the neck or radiation through
the duct is made very small. The guard is essentially a station which
is kept at the temperature of the liquid cryogen so that whatever con-
duction occurs is due to a difference in temperature of a degree Kelvin
at most between the guard point and the point joining the neck and the
tank. The radiation which arrives from the warm end of the neck is
absorbed by a series of baffles which are at the guard temperature,
so that the interior of the tank sees cold baffle surfaces. The radia-
tion arriving at the baffles is conducted to the guard liquid.

a. Boundary Conditions

The tank has been constructed of copper of sufficient thickness to
ensure that there be negligible gradients in temperature parallel to
the tank wall from the bottom to the top, whatever the level of the
liquid. Therefore, the tank-surface-side of any insulation may be con-
sidered to be at the liquid cryogen temperature. If the edge of the
insulation adjacent to the neck surface is carefully protected, then
at that edge the boundary condition may be imposed that the gradient
in temperature parallel to the foils is zero. At the bottom of the
tank, provision has been made for the insertion of various penetra-
tions, that is, pipes, pins, etc., so that the boundary condition there
would depend on what the penetration is. The remaining surface bounding
the insulation is the outer foil and it is exposed to the radiation
from sources consisting of baffles through which liquid is circulated.

Referring again to Figure IV-F-1, baffles 1 and 2 are kept at
one controllable temperature while baffle 3 can be kept at a different
controllable temperature. Of course, liquid at the same temperature
may be circulated in all baffles at the same time in a given test.
Nevertheless, it is possible to expose different parts of the tank to
different environmental radiation fluxes. The two sources are separated
by a lip (A in Figure IV-F-1). The closer the edge of the lip to the
outer surface of the insulation the more closely the radiation environ-
ment may be considered to be changing abruptly. In practice, the
separation will not be zero so that the insulation outer foil sees a
gradually changing flux intensity. Note that this intensity distri-
bution will in all cases be symmetrical about the axis of the tank.
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b. Case of Axial Symmetry

If there is no penetration or if the penetration is circular in
nature and concentric with the bottom central point of the tank, then
the boundary conditions are completely symmetrical about that axis and
the resulting temperature distribution will also be symmetrical.

Under the conditions of axial symmetry, the temperature and other
thermal effects may be considered as varying along a gore of the in-
sulation as shown in Figure IV-F-2, but to remain the same for each
gore, so that only one need be considered. If the gore is developed and
laid on a flat surface as suggested by Figure IV-F-2, the thermal
problem then becomes one-dimensional, there being no gradients perpen-
dicular to the main direction along the strip.

2. Interpretation of Tests on a Uniform Blanket of Multilayer
Insulation in a Uniform Radiation Environment

An experiment was carried out with the tank insulated with five
layers of multilayer insulation. Two types of foils were tested:
1) two-mil aluminum and 2) aluminized Mylar. There was no penetration
on the bottom of the tank and the environmental flux was controlled
and made uniform; that is, liquid at the same temperature was circulated
in all baffles. Thermocouples were placed at various locations, and
since these thermocouples indicated no temperature gradients parallel
to the foils, even near the support neck (no heat flow to or from the
neck via the insulation), the resulting total heat input as deduced
from the boil-off rate could be divided by the entire tank surface to
determine a relevant average normal flux through the insulation.

The flux calculated in this manner agrees reasonably well with that
predicted by considering that only radiation heat transfer occurs
normal to the foil, and using published values for the emissivity of
the aluminum used for the tests. Most authors agree that the emissivity
of aluminum in the infrared is in the range 0.02 to 0.04.

Reynolds et al (8) show a curve giving values of 0.02 at 77°k
and 0.028 at 300°K. Using the latter value one predicts a flux (in
Btu/hr-ftz) of 0.41 through five foils of aluminum on a liquid nitrogen
tank in a 300°K environment. The flux measured at Arthur D. Little,
Inc., was 0.375 - 0.42. To predict the heat flux through aluminized
Mylar, account must be taken of the fact that the uncoated side of the
Mylar has an emissivity close to unity in the infrared. The predicted
heat flux through five foils is double that for pure aluminum foils,
namely, 0.82; the flux measured at Arthur D. Little, Inc., is 1.02.

In applying the foils, very great care had been taken to minimize
mechanical contact pressure between adjacent layers and the spacer

material. Also the chamber pressure was kept below 1072 torr so that
gaseous conduction across the foils could be neglected. A thermocouple

IV-75

QActhur D Little Inc.



AYLINNAS TVIXY 40
dSVD HHL NI NOLLVTASNI ¥FAVTILTAW ONIZATYNY ¥0d dIYLS Y09 v 40 LNIWIOTIAZd ¢-d-AT 3ANOT4

P

Qethur D.Little, Ine.

uoneJIIdUR]

uolieI1ausd proxog, uolensuy

aaayd

WA

IV-76

uoneIIUSG
| ]

}
| i
|




at each of the foils at a particular location on the surface of the
tank indicated a linear variation in the fourth power of the absolute
temperature at that location. This observation, together with the
absence of gradients on the surface of the outer layer, and with the
values of heat flux obtained, vindicates the contention that radiation
was the sole mode of heat transfer normal to the insulation.

The results show that the theoretical performance of multilayer
insulation can be achieved in practice. They also indicate that the
concept of an average conductivity must be very carefully applied in
detailed analyses of multilayer insulation. If the effects of shorts
are to be screened using an average uniform thermal conductivity normal
to the foils, the results will be of a qualitative nature and will
represent facts in the large rather than in detail. Another important
conclusion is that equations governing the thermal behavior of the
foils can be written with confidence.

3. Variation in Incident Flux

Having established the radiative nature of heat transfer across
the insulation, it is now possible to use this as a basis for predicting
by calculations the behavior of multilayer insulation, in a given set
of circumstances. A test, to be called the "hot-cold" test, was carried
out with five layers of aluminized Mylar applied on the testtank, but
with the upper baffles at room temperature and the lower baffles at
liquid nitrogen temperature. In this case the radiation environment
changes at the mid-plane of the test tank. As previously stated, the
physical arrangement employed to produce a discontinuous surface
distribution of flux intensity consists of a baffle in the form of a
horizontal metal annulus (lip) that girds the tank at the mid-plane and
prevents radiation from sources above this plane from reaching those
portions of the outer foil surface situated below the plane, and vice
versa. The closer the fit between the lip and the foils the more
closely does the flux distribution approach a step function.

In actual practice the separation between the lip and the foils
is not zero and the flux distribution changes over smoothly rather
than abruptly. The actual distribution can be described by the
formula:

4 x/a
X T, A+ )
4= 2 " L+ (X/a)z (IV-F-1)
4 x/a
4T Q- =2
c Vi + (x/a)?

where
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g~ = the Stefan-Boltzmann constant,

Th = the temperature of the warm baffle,
TC = the temperature of the cold baffle,
x = the height above the mid-plane where the annulus

lies, positive or negative, depending on whether
the point considered is above or below that plane,
respectively,

a = the spacing between the inner edge of the annulus
and the outer foil surface.

This relationship is shown in Figure IV-F-3. For the case where the
warm baffle is at temperature 300°K and the cold baffle is at 77°K
the transition occurs over a range in x/a of about 4, that is,

from x/a = -2 to x/a = +2. Beyond those points the outer surface of
the insulation receives incident flux very nearly equal to that from
the local baffle. The transition thus occurs over the distance 4a.

a. Calculations Based on Radiative Heat
Transfer Normal to the Layers

Because it is important to confirm once more that the radiative
properties alone dictate normal heat transfer, and also to determine
the actual effect of parallel conduction, an analysis under the test

conditions just described was carried out with an electronic computer.

In the present case the equation which describes the behavior of
each of the five layers is as follows:

a1, oe b 4 4
kt 2 t5 (T, +T 141 2T =0 (IV-F-2)
where
k = the thermal conductivity of the foil,
= the thickness of the foil,

X = distance along the foil, (zero at the lip),
€ = emissivity of the foil,
Ti = the temperature of the ith foil,
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T. and Ti+

i1 are the temperatures of adjacent foils

1
opposite the same point on the tank wall.

Equation IV-F-2 applies to the intermediate foils, that is to foils
that are surrounded by other foils. For the first and fifth foils, that
is the outer foil and that which is adjacent to the tank wall, boundary
conditions must be imposed. For the outer foil the following equation
applies:

2

d'T
1 O € 4 _ 4 4
kt'——d x2+——"2 Ty -T)+ol,Qx) -~ge T =0 (IV-F-3)
For the innermost foil the following equation applies:
2 4 4
d'T (777°-T.)
5 oe 4 4 o 5
k t + = (T, -T,.) + =0 (IV-F-4
42 2 4 5 1.1 _, )
1 %t

The foils are numbered beginning from 1 at the outermost foil and end-
ing at five at the innermost foil.

a, = the absorptivity of the outermost foil for
the incident radiation,
€ = the emissivity of the outer surface of the outer-
most foil,
Q (x) = the function defined in Equation (IV-F-1),
€, = the emissivity of that side of the innermost
foil facing the tank wall,

€ = the emissivity of the tank wall. 1In our case

it is very close to unity.

In our case, € 1is very nearly equal to @ and is equal to the
emissivity of the afuminum of the foils. The function Q (x) depends
on the value of a. This was measured to be 1.25 inches.

It was anticipated that the effect of the change in environmental
flux should not be felt at distances of more than a few inches from

the mid-plane of the tank. (See Chapter IV-A-3b for an estimate of
the decay distance in the case of aluminized Mylar.) Therefore, it
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was decided to limit the region of interest along the gore strip of
Figure IV-F-2 to region b ¢ d e f, eighteen inches long, along which
the width w(x) does not vary appreciably. Thus, only the plane problem
need be dealt with. The validity of this procedure is, of course,
subject to verification with the results.

At the toroidal sections, the tank surface curves away from the
vertical and does not view the radiation arriving through the gap at
the lip. Account was taken of this fact by truncating Q (x) at the
beginning and end of the cylindrical sections (points ¢ and e in
Figure IV-F-2).

The distribution of the temperature of each of the five foils was
calculated using equations of the types (IV-F-2, -3, -4). The result
for the outer foil is shown in Figure IV-F-4. The temperature distri-
bution of the outer foil was also measured with thermocouples and is
also shown in Figure IV-F-4. The agreement between predicted and measured
values is quite remarkable, but not so surprising as it might at first
appear. The explanation is as follows.

Any point on the outer surface of the outermost foil receives
thermal radiation at a flux intensity that is determined by the geometry,
emissivity and temperature distribution of the bodies viewed by the
point. But that incident radiation may be thought of as being emitted
by a black body completely viewed by the point and held at some equi-
valent temperature T,. Now in the present case, since the distribution
of incident flux intensity is known (viz., Q (x), Figure IV-F-3), it
is possible to determine a distribution of equivalent temperatures for
radiation Te (X).

ot @ = Q® | (IV-F-5)

For the baffle temperatures actually prevailing in the tests in
question, Q (x) can be computed according to Equation (IV-F-1) and
Te (x) from Equation IV-F-5. This was done and is shown in Figure
IV-F-4.

We see immediately the similarity between T, (x) on the one hand
and the theoretical and experimental results on the other hand. It
is noted that the outer foil adopts a temperature distribution that
follows T, (x) closely (but not exactly since a net heat flow implies
a temperature difference), and this is also predicted by calculation.
Conduction parallel to the foils does not appear to have distorted the
temperature distribution appreciably except at the edges of the tran-
sition, i.e., at some distance on both sides of the lip.

Thus, in this case (aluminized Mylar) the distance over which the
change in flux occurs is greater than that necessary for the foils
to adapt to the change. We saw previously that most of the change occurs
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over a distance 4a, or five inches. The foils adapt to a change over
a distance that is shorter than five inches. We have calculated this
distance in the case of an abrupt change in flux (a = 0) over five
foils; the distance of adaptation is an inch or so. The distribution
in temperature associated with the latter calculation will not be
shown because a more significant curve of the same type, presented
hereafter (see IV-F-4 Copper Penetration) shows the same distance

of adaptation.

b. Calculations Based on Average Values of
the Conductivities

It is interesting to compare the decay distance found above with
that formulated in a previous quarterly report on the basis of an
average conductivity perpendicular and a conductivity parallel to the
foils (k,and k,, respectively). We had that the decay distance could
be expressed as follows:

XDecay = B\/k“/kl (IV-F-6)

where B is the thickness of the insulation. 1In the test on a uniform
blanket of five layers of aluminized Mylar in a uniform radiation
environment the average heat flux through the insulation was 0.0021
watts/in2. This may be used to define a perpendicular conductivity
as follows:

_ (Q/A)B _ 0.0021B _ -6
Kp= 71 T T300-77 = 95 x107B (IV-F-7)

or, in terms of any value of n, the number of foils,

kn= n(9.5x 107% B = 5 x 9.5 x 10758
n_ -5 watts
kLB = 4,75 x 10 T o (IV-F-8)
. in - K
The parallel conductivity can be defined as
n
kjp = kty (IV-F-9)

In the case of aluminized Mylar the conductivity is that of aluminum
(k = 6 watts/in - °K approximately) since the Mylar base contributes a
very small fraction of the conduction. The thickness t to be inserted
in equation (IV-F-9) is 1 micro-inch. Therefore, k"can be written
as:
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-6 watts
k oK (IV-F-10)

11 =6 x 10

5|

Substituting Equations (IV-F-8) and (IV-F-10) into Equation (IV-F-6),
we find

X ; 0.36 n inches
Decay

and since n is 5 in our case the decay distance is of the order of two
inches. This decay distance, of course, applies on each side of the
lip, totaling four inches. If we add the width of the transition,

4a or five inches, the total distance for the change-over in the tem-
perature of the outer foil is about 9 inches. Of course, direct
addition cannot be justified since some decay occurs simultaneously
with the transition in flux, in a non-linear fashion. Nevertheless,
it can be said that prediction based on an average conductivity gives
realistic results even in the case where heat flow normal to the foils
is almost purely radiative in nature.

c. Heat Flow

If the parallel conductivity of the Mylar insulation had been
absolutely zero and the change in heat flux had been abrupt (a = o),
the total heat flow into the tank in this test would have been exactly
one-half that for the test in which all baffles are warm (the all-warm
test) . This is because the side exposed to 77°K radiation would have
received no net heat at all, the tank wall temperature on that side
being also 77°K.

Now for non-zero values of a, the total radiation incident on the
outer foil can be found by integrating, over all x, Q (x) as expressed
in Equation (IV-F-1). 1If we make the assumption that the toroidal
sections are outside the influence of the lip, we find that the total
radiation incident on the outer foil is the same as if a were zero.
For foils having zero parallel conductivity, the total heat flow into
the tank would still be one-half that for the all-warm test. Further-
more, it can be shown that if heat flow normal to the foils is purely
radiative, the total heat input to the tank is independent of kl..

Hence, we can predict that the total heat flow to the tank under
the experimental hot-cold conditions should be one-half that for the
all-warm test. This is borne out by the experimental measurement of
heat flow. Also, calculations based on the temperature distribution
T(x) shown in Figure IV-F-4 predict an increase of 0.07 Btu/hr over the
entire tank; this value can be accounted for by the possible error
in the calculations of the temperature distribution.
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4, Copper Penetration

As discussed in Section IV-C, the penetrations into multilayer
insulation can be classified in one of three categories: weak, strong,
and absolute thermal shorts. A test was carried out on the experimental
tank with five layers of aluminized Mylar into which was inserted a
disc of copper 3" in diameter. This constitutes an absolute thermal
short. Great care was taken to ensure that full contact existed between
each of the foils and the copper. This was done by using a number of
copper discs which were squeezed together and sandwiched between them
the five layers of aluminized Mylar,

The penetration was placed on the axis of the tank and on the
bottom so that again axial symmetry was ensured. In this case, radial
coordinates are used in the calculations. Also, the boundary condition
at the edge where contact is made with the absolute short is that the
temperature for each edge is 77°K. The flux over the entire tank was
due to the baffles being uniformly warm, at a temperature of 279°K.
(At the time of the analysis, however, it was assumed that the tem-
perature was to be 300°K.)

Aside from cylindrical geometry and the inner boundary conditions
just mentioned, the problem is similar to that discussed in the pre-
vious section. Equations are similar except for the fact that the
radius enters as a factor in the terms. The solution to this problem
was found by manual computation. The resulting temperature distribu-
tion for each of the foils when the baffles are at 300°K is shown in
Figure IV-F-5.

In order to compare the results of the computation with the experi-
mental results, account had to be taken of the true temperature of the
baffles, namely 279°K. With this new environmental temperature it is
possible to calculate easily the equilibrium temperature of each of the
foils at large distances from the penetration, A recomputation by
hand of T (r) of each foil for the true baffle temperature was not
deemed advisable at this time since it involves a considerable amount
of effort, and since, as we shall discuss later, the general program
which is being undertaken will permit easy computation of this case
later on. Rather, temperature distribution curves were traced in from
the known end temperatures, using the following reasoning.

Near the penetration each foil is at 77OK, and at very large dis-
tances each has its equilibrium value. The forms of the distributions
between those extremes may be estimated from those computed for a 300°K
environment. In particular, the outer foil is at 272°K at 1ar§e dis-
tances from the penetration, under the new environment of 279 K. But
in the 300°K environment the second foil is at 274°K at large distances.
Hence, the equilibrium temperature of the outer foil in the true case
is very close to that of the second foil in the 300°K case. Therefore,
the distribution computed for the second foil in the 300 K case could
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be used to trace approximately that for the top foil in the true case.
However, in the true case the environment remains at 279°K throughout

and right up to the penetration whereas in the previous (theoretical)

case the second foil felt the environment of the outermost foil which,

of course, did not retain its equilibrium temperature throughout, but

had a temperature distribution which decreased to 77°K at the penetration,
Thus, if one were to trace the curve for the top foil from the theoretical
curve for the second foil, one would have to account for this stronger
radiation environment near the penetration. This can be done by allowing
the temperature of the first foil to rise rather more quickly near the
penetration, giving a curve resembling that of the top foil in the

300°K case. The latter is, of course, an over-correction. The approxi-
mation cannot be too far off and is, of course, subject to verification
when a result of an exact computation is obtained.

The estimated temperature distributions for the top foil and also
for the third foil (based on similar reasoning) are shown in Figure
IV-F-6. Also shown in that figure are temperature measurements for the
top foil. First, the temperature was measured at large distances (of
the order of 18 1nches) from the center of the penetration. The value
measured there was 274° K, whereas our computed equilibrium tempera-
ture was 271.8%°K. The other two temperatures measured, namely at 2"
from the center and about 2-1/2" from the center, lie between the under-
corrected and the over-corrected curves. We again have a strong though
qualitative confirmation of the hypothesis that radiation alone con-
trols heat transfer normal to the foil. The experimental points are
expected to lie between the under-corrected curve and the over-corrected
curve, which they certainly do.

The total heat leak to the tank additional to that which would flow
without a penetration has also been computed for the 300°K baffle case.
The temperature distribution normal to the foils is shown both theoretically
and experimentally to have reached the equilibrium distribution at a
radius from the center of the penetration equal to 5.4'". The heat flow
over the area of a circle of 5.4" radius when there is no penetration
and the environment is at 300°K, is 0.2 watt. Now with the penetration
of diameter 3 inches with a blackened surface, the heat absorbed on the
penetration itself is 2.1 watts, and the heat input through the disturbed
insulation from the penetration out to 5.4" radius is 0.3 watts, giving
a total of 2.4 watts. Subtracting from this 2.4 watts the heat flow
through the undisturbed insulation over the area of a circle 5.4'" radius,
namely 0.2 watt, gives a net additional heat leak of 2.2 watts. Note that
the heat leak due to the foils being lowered in temperature below their
equilibrium value contributes only 10 percent of the additional heat
leak in this case.

The experimental heat input to the tank for this test is much
larger than could be accounted for by an error in estimating the
additional heat leak. Hence, one must await a thorough review of the
data and the experimental conditions before making comparisons between
experimental and theoretical results for this test.
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5. General Program

In the analysis of the hot-cold test for aluminized Mylar, the
region of interest was limited to the cylindrical band around the tank
plus the toroidal section. In the analysis of the copper penetration,
the region of interest was limited to a circle a few inches in radius.
There will be cases, particularly when aluminum foils are used, where
the effect of a change in enviromment such as existed when the lip
separated a hot from a cold region, or of a penetration as in the last
case analyzed, will spread out to distances that are not small compared
to the dimensions of the tank. In such a case the region of interest
for analysis cannot be restricted but rather the entire insulation
blanket must be considered and boundary conditions applied at the
appropriate point. In other words, the entire gore strip of Figure
IV-F-2 must be included in the analysis.

Since, moreover, various types of penetrations will be included
in future tests as well as different types of insulation or combinations
thereof, the institution of a general computer program for this particu-
lar tank will be warranted., In such a program, the environmental flux
distribution can be left as an unknown function. Account will, of course,
be taken of the spherical geometry of the insulation near the top and
bottom of the tank; the number of foils and type can be varied; and
penetrations of various types and sizes may be inserted theoretically
on the bottom of the tank provided the resulting temperature distri-
bution remains axially symmetric.
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APPENDIX A

SHROUD RADIATION TO A TANK

It is the purpose of this appendix to determine the power radiating
from a shroud inward. Once this is known, it becomes possible to
determine, or at least to estimate with good accuracy, the power incident

-on the tank insulation. With that information, the heat flow into the
tank itself can be determined using the results of Appendix E for pure
radiating foils, or estimated for other types of foils.

Figure A-1 illustrates a tank, II, (more precisely, the outer foil
of the MLI over a tank) and a shroud, I, that completely surrounds the
tank. Both the shroud and tank (outer foil) surfaces have been sub-
divided into a large number of elements. The inner surfaces of the
shroud elements are numbered 1 to n, and the outer surfaces of the tank
outer foil elements are numbered n + 1 to m. Thus, there are m elements
in all, that can exchange radiation with each other. Note that some
shroud elements can be viewed from other shroud elements, and similarly
for the tank.

The steady-state condition of each element may be characterized as
follows: it radiates an amount of power R; and has incident upon it an
amount of power Rzj. R; may be called the radiosity of the ith element,
and Rzj its "incident" radiosity.

The radiosity of an element is the sum of the power it emits and the
power it reflects. For a gray body:

4
R, =qe; T, A+ (1-¢€) R, A-1)

where € is the emissivity of the ith element, (1 - €.) its reflectivity,
A, its surface area and T, its absolute temperature. ~The incident radio-
s}ty of the ith element cdntributed by the jth element is the fraction

¥ ji of the jth radiosity that arrives at the ith element. Therefore,
Rzi"is the sum of all such fractions:

Rzy = é & 54 R, (A-2)

We may, therefore, write Ri as
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Shroud I
(i=1.2--n)

Inner Shell
(i=+1,--m)

Note: Third Dimension Not Shown

FIGURE A-1 MODEL FOR SHROUD ANALYSIS




m

4
R, = e, T, Ai + (1 - ei) :ig%i Xii Rj (A-3)
j=1

Now consider the shroud elements. Let the shroud emissivity be
uniform and equal to €1°

m
4 .
Ri = G‘EI Ti Ai + (1 - eI) ::EEE °(ji Rj (i=1, ...n) (A-4)
j=1

We can now add all shroud radiosities, from i = 1 to n, calling the sum
Ry:
1

R, = 2 R (A-5)

n
4 n m
= < =T, At - = = gy Ry

i=1 i=1 j=1

(A-6)

In order to evaluate the double summation, we make use of the radiation
balance between the two shells: shroud and tank outer foil. This
balance is very nearly achieved because of the high shielding factor
made possible with multilayer insulation (and without which cryogenics
could not be stored for appreciable periods in space). We express this
balance as follows:

n m m n
= = xj R = = = «xjk @a-7)
i=1

j=n+1 i=n+l j=1

Equation(A-7)states that the sum of all radiosity fractions from the tank
that reach the shroud equals the sum of all radiosity fractions from the
shroud that reach the tank. In other words, all the power from the tank
to the shroud equals all the power from the shroud to the tank. Note that
Equation (A-7) does not include (nor should it include) direct radiation
exchange between shroud elements or between tank elements. As suggested
above, the difference between the two sides of Equation (A-6) is of the
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order of the heat leak into the tank, which is small compared with
either side of (A-7).

We now evaluate the double summation of Equation (A-6).
break it up into two parts:

We first
n m n m n n
—— - = - == -
= = w1 Rj = = %31 Rj + = ==« i RJ (A-8)
iml =1 i=1 j=n+l i=l1 j=1
The first of the two double summations on the right side of (A-8) is re-
placed by its equivalent from (A-7), giving
n m m n n n
-—= - = -_— T = x
B RJ z = X1 Rj + = "ji Rj
i=1 j=1 i=n+l j=1 i=l  j=1
m n
ji 3
i=1 jnl ,
We now reverse the order of summation:
n m n m
= ZEooxi Rt Ry o) (A-10)
i=1 j=1 j=1 i=1

Now for any j, the summation inside brackets equals unity, since it is
the sum of all view factors from a particular surface.

m
= i = 1 (any 3) (A-11)
i=1
Therefore,
A-4
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e “o m Ry o= TR, (A-12)

But, from the definition, (A-5), the right-hand side equals R_. (This
is true independently of the change in summation index.)  We Can now
write Equation (A-6) as

n
Ry = € e Q'Ti Ai + (1 - eI) RI
i=1
or
n
RI - = G‘Ti4 Ai (A-13)

i=1

This important result states that the total power emitted from the

inner surface of the shroud (i.e., its total radiosity) equals the sum
of the products area x fourth power of temperature x the Stefan-Boltz- |
mann constant, ) |

We can evaluate the right-hand side of (A-13) in terms of the space
radiation environment. If we again neglect the heat flowing into the
tank, we can state that all space radiation absorbed by the outer sur-
face of the shroud must be re-emitted to space. Using the same shroud
elements as before, and considering uniform absorbtivity ¥, and emi-
ssivity € for the outer shroud surface, we have:

— 4
‘::Z ‘)(O Ij.Al = ‘<,_.-"j€ A Ti
i=1 i=1
or
n n
4 % o
=rrfa - 2 = 1) \
. (o] . |
i=1 i=1
A-5
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Substituting into (A-13):

X o

R = =

1 €

(A-15)

The result (A-15) is highly accurate when the shielding factor due
to the multilayer insulation is greater than 50.
(~~50 x number of foils) is several thousands,
independent of parallel conduction within the foils or along the shroud

surface.

Usually this factor
The result is also

In order to make use of Equation (A-15) we must know what fraction
Usually this can be done

of Ry directly reaches the tank outer foil.
within an error of 10 to 20 percent.

There may be some extreme cases

(not too likely in the usual tank system where space within the shroud
is at a premium) in which care must be exercised since warmer shroud
elements may view the tank differently from colder elements.

A simple illustrative example of such an extreme case is shown in
Figure A-2. The shroud is an infinitely long box, square in cross-
section; the "tank" is infinitely long, and very thin, represented by
A-2). The shroud is irradiated uniformly
on its upper face by some external source (e.g., the sun). The "tank"
location may be varied, by varying its height x above the bottom (6)

a flat plate (7, 8, in Figure

of the shroud. We have analyzed this case,

(i) assuming the sides 1 to

6 of the shroud to be thermally isolated from one another, but each to
be isothermal and (ii) assuming the whole shroud to be isothermal. The
The emissivity € of the inside surfaces
of the shroud and of the two sides, 7 and 8, of the '"tank'" was assumed
uniform and was varied. The resulting total incident radiation on the

"tank'" is assumed isothermal.

two "tank' surfaces is given in Table A-1.

TABLE A-1

TOTAL INCIDENT POWER ON THE ''TANK"

OF FIGURE A-2 (e_

= 1)

[RZ7 + Rza]/o(o I

Isolated Shroud Elements

€ X = 0

1 0.443
0.5 0.428
0.1 0.407

0.5

0.553

0.535

0.509

A-6

1.0

0.801

0.801

0.806

Isothermal Shroud

All x's

0.500
0.500

0.500

QArthur D Little Inc.
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From Table A-1 will be seen the near-independence of the incident
power on €, and the effect of geometry. Regarding geometry, it will be
remembered that this is an extreme case.
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APPENDIX B

ANALYSIS OF INTERNAL PIPE RADIATION

1. ILLUSTRATION OF SOME FUNDAMENTALS

Consider a specific pipe, of diameter 10 inches and length 30
inches (L/D = 3), with a warm-end temperature of 300°K and a cold-end
temperature of 20°K (liquid hydrogen at normal pressure).

a, Direct Radiation from the Warm End
to the Cold End

Assuming the warm end (at BOOOK) to be gray, and to emit diffusely
with an emissivity €gpg, it will emit 23.3 ¢, 4 watts. Of that radia-
tion, 0.6 €,,q watts will reach the plane of the cold end directly,
without first being reflected or re-radiated from the walls (see
Figure B-1). The cold-end direct radiation heat leak, 0.6 €apnd Watts,
is not of serious importance, even when €ond 1s unity. It can be made
even smaller by decreasing the emissivity at the warm end, by increas-
ing the length of the pipe, and by increasing the reflectivity (decreas-
ing the emissivity) at the cold end.

The total amount emitted from the warm end (23.3 €gpq watts in the
previous example) is not, itself, small in general. (It must be remem-
bered that one watt will evaporate 175 1b. of hydrogen in 10,000 hours.)
Hence, if an appreciable portion of the warm-end emission leaks into
the cryogenic tank, the heat inleakage is indeed serious. From what
was said in Section III, this heat leak does not arise to an important
degree from direct emission to the cold end, but must occur primarily
through reflection from, re-emission at, and conduction along the walls.

b. Effect of Wall Radiation Without Conduction

Consider the case in which the wall conductivity and/or thickness
(i.e., the product kt) is very small, so that conductive flow can be
neglected. Consider the walls to be insulated so that there is no
radial heat flow. Then at steady-state any radiation incident at a
point on the wall is completely re-radiated (by reflection and/or re-
emission), regardless of the wall emissivity and reflectivity, since
there is no other issue for the incident radiation. Let this re-radia-
tion be diffuse.

The resulting pattern is illustrated in Figure B-2. Some of the
radiation from the warm end at (a) for example arrives directly at
the cold end. Some from (a) arrives on the wall at (b). Of the latter
amount, some returns to the warm end at (c), some to other parts of the
wall (which is again re-distributed), and some to the cold end. Similar
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effects occur at other parts of the wall (e.g., at d). Of the radiation

returning from the walls to the warm end, some may be reflected back,

depending on the emissivity at that end. This pattern is independent

of €yall, and depends only on €, 4.
If the end emissivities are both equal to unity (e nds = 1.0),

the resulting net heat flow into the cold end is 6.7 watts; for €egpds

= 0.5, it is 4.3 watts; and for €, 445 = 0.1, it is 1.1 watt. These

values are, as mentioned above, independent of the wall emissivity,

€walle Varying eyz1] will change the fraction of the incident energy

that is re-emitted and the fraction reflected, but the sum of those

two fractions is always unity. Incidentally, changing the fraction re-

emitted will not change the wall temperature, but since in any event

k = 0, the conductive contribution to heat inleakage always remains

zero.

One final point in the discussion of this case: without the use
of end baffles, it will be difficult to achieve effective emissivities

at the ends very much less than 0.5.

c. Wall Radiation and Conduction Uncoupled (eWall = 0)

In the case where € .47 = 0 (see Figure B-3), all radiation arriving
at a point on the wall is reflected. If this reflection is diffuse,
the same radiation pattern will exist within the pipe as for case b.,
just discussed. Hence, the radiative heat leak will have the same de-
pendence on €,,45 @5 in that case. However, the conductive heat in-
leakage must be added. But, since €y 9] = 0, no incident radiation is
absorbed; hence, the temperature distribution along the wall is not
affected by radiation. Therefore, the conductive heat leak is constant
as we vary €g,4g- The conductive heat flow may be expressed as

300k
nD ¢t
Qcond = L kdT (B-1)
20%k
- AT
= nD (kmt) 1 (B-2)

where D is the pipe diameter, L its length, AT is the total tempera-
ture difference from end to end ( = 2809K); k, is the mean thermal
conductivity of the pipe wall, and t its thickness.

The conductive heat leak must be added to the radiative heat leak
(see case b) to obtain the total heat leak. For a stainless steel pipe,

B-4
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0.030" thick, the conductive heat leak for the pipe considered is 1.8
watts. This value might perhaps be cut down by a factor of about 10,
through the use of thinner walls, other pipe materials (e.g., asbestos
fiber) and/or a longer pipe. Since €yal1> 2lthough it can be made
small, cannot be made zero, a discussion of the effects of varying
(kmean t) does not have the relevance at this point that it will in the
subsequent discussion. Note, however, that conductive heat inleakages
of about 2 watts, combined with a radiative leak of the same order
(viz., case b) leads to a total leak that cannot be neglected.

2. ANALYSIS OF THE GENERAL CASE

In the general case, where neither €y,17 nor kit is zero, the
absorption of radiation at the pipe walls affects the wall temperature
distribution and, hence, the conductive heat flow; on the other hand,
conduction contributes in the determination of the temperature pattern
and, hence, in the emission of radiation. It is, therefore, no longer
possible to account for radiation and conduction separately; moreover,
the interaction between these two effects is non-linear and each set
of conditions must be treated individually. However, it is possible
by the careful selection of cases, by attention to the laws of radia-
tion, and by the observation of trends, to obtain a given amount of
information with a surprisingly low number of computations.

a. Method of Treatment

First the pipe walls and ends are divided into a number of parts;
then a heat balance is carried out for each part. This heat balance
takes account of all inputs and outputs to the part, by radiation and
conduction. At steady-state the total inputs must equal the total out-
puts.

Consider Figure B-4, showing a cylindrical ring element of axial
length, dx. Axial symmetry in the temperature and radiation flux dis-
tributions is assumed. A heat balance has been carried out for the
element, resulting in the equation

2
R-R, = (1Ddx) (k_t) 4T 4 q

(B-3)
z dx

N

ext

R is the sum total of all the radiation leaving the surface of the
element, or the outward radiosity. Ry is the inward radiosity. The
factors nDdx have been grouped together, as their product is the surface
area of the element; k t is a parameter we wish to vary. Q... 1is the
heat flowing into the element from sources external to the pilpe.

Suppose now we had subdivided the pipe wall and ends into "n"

elements of finite size. For each of these elements, Equation B-3
could be written

Arthur 0. Little, Inc.




Heat Balance (Steady-State):

Qext + QCin + Rz = Qcout + R

dt
Qe = ~k, (rDv) —

dt d dT
Qcout = 'km (m Dxt) e + x [—km (7 Dt) d—x-:]dx

"R-R = (mDdx) (k_t) (dZT)'l' Q
) z m’ "\ dx2 ext

L ]
FIGURE B-4 HEAT BALANCE FOR A CYLINDRICAL ELEMENT OF PIPE

B-7
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Ry " Ryy =kt Ay 0 +Q; (B-4)

L]

where the subscript i indicates that the ith element is being con-
sidered. More concisely,

R, - R, =C, +Q (B-5)

where Qi is the external heat input to element i. C, represents the

net heat input into the ith element through conduction. It can be
applied to plane annular elements at the pipe ends also, by using radial
instead of axial temperature derivatives, if applicable. Since the
elements are finite in size, the usual finite-difference approximations
can be used to express derivatives.

The inward radiosity Ry; is the result of all the elements radiating
toward the ith element. The contribution of the jth element to Rys is

the outward radiosity of the jth (Rj) times the fraction @54) of
Ry arriving at element i:

RZ:L = %‘ji Rj (B-6)
Note that a cylindrical ring can radiate to itself, so that Q4 is not

zero in general.

The outward radiosity Ry is composed of two parts: the emitted
radiation, and that part of the inward radiosity that is reflected.

A
R, = A -
i i 4T+ A-e) R, (B-7)
A corrective faztor can be applied to the emission term to account for
variations in T~ over the element.

Finally, the nature of the problem imposes boundary conditions of
the type

Qi = a given quantity
or
T, = a specific temperature (B-8)
or
Qi = f (Ti, --=)
B-8
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For the problem we are treating at present, all Qi are zero for wall
elements (insulated walls), but the temperatures are unknown quantities;
all Ti are specified for end elements, but the external heat inputs

are unknown.

Equations B-5 to B-8 are
R,i5 C4 and Qi' With the use
into the most useful form for

In particular, equations
set of n equations:

4n equations in the 4n unknowns: Ry,
of matrix algebra they can be manipulated
a given problem.

B-5, -6, -7 can be combined to give a

(1 [A ) c 1 2
] D 7% - e @-9)
> > >
where k, ¢ and q are vectors:
A
i 4
k, = — €, 8o
i nRZ i i
8, = T,/T,
2 2
¢, = (d O/dg ) for pipe wall elements
0 for pipe end elements, in this

case

kat
Y

LR,O"T1

€=X/L

B-9
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=}
[

total number of elements

=]
L]

number of end elements (both ends)

(- [ - [
[°]= Eij:l -ei) &q

The solution of Equation B-9 with terms as defined depends only on the
parameters L/D, €ya11> €onds and A. 1t also depends on n and m,

but for large values of these, the solution converges and their effect
disappears. The solution gives the n-m unknown pipe wall element tem-
peratures (in terms of 6;) and the m unknown external heat flows into
the pipe end elements (in terms of qj). These non-dimensional quanti-
ties can thus be plotted as functions of L/D, €yz11s €ends and A. In
particular, the sum of q. at the cold end annular elements represents
the radiative heat flow into the tank. If we add to this the conductive
heat flow from the last cylindrical pipe element (cold end), we obtain
q, the total heat leakage into the tank.

<5
(1

3. RESULTS OF COMPUTATIONS FOR L/D = 3

Figure B-5(a) shows curves of total pipe heat flow (radiation
plus conduction) into a cryogenic tank, as a function of gray wall
emissivity, for three values of M, with the emissivities of both ends
kept constant at a value of 0.1. The basic curve for 4= 0 is a hori-
zontal lipne, as was explained in the section on fundamentals. The rise
in total heat flow at € = 0 for non-zero values of 4 (the jump
from one curve to another} is due solely to conduction,

Dk t
Q - " m Ar . R2 4
cond L = MR ¢TI,
or (B-10)
2 4
9cond QUona/™®" T =M

since in that case there is no radiation absorption at the walls. The
increase in this rise as €yal] Increases is to be noted: the rise can
no longer be accounted for by A alone. The gradient at the cold end is
larger than before, since the walls have absorbed heat (€y 477 not zero) ;
also, the temperature now generally being higher near the cold end, the
intensity of the radiation there is higher. The curves flatten out for

B-10

Qrthur D Little, Ine.




‘AdId LHOIVYLS V VIA MNV.L V OL (SSAINOISNHIWIQ) ¥VAT LVHH TV.IOL

€ =@/1 ‘v ANV PU3 sNOTUvA 04 ‘11BM35 sNSUHA

I 1
mhom ”v

g

Itemy

IEA; - SPUS; (p)
1em;
0'1 S 0
I 0
- — 1
0 _u_
= | R A
1800° ° m I
— m
180" =i 7
— ~ ¥
g0 = SP% (q)

I
Lo NMC

18303

C-4 H4NOIA
[ 4
= b suonmisqg
em,
0'1 S 0
]
- -
3 —— ¢
. 0
. 1800° .
. 180" =1 -
0'T =SPUs (9)
ems .
0°'1 g’ . 1° 0
T
o =
1800° \n"\
ol o —
180" =T _

Arthur D Little Ine.

B-11




larger values of €vall» indicating the predominance of radiation. The

conductive component acts as if it became saturated; along most of the

pipe length, any additional radiation absorbed by the walls due to in- i
creased €wall is re-radiated with only slight changes in temperature

along with the reflected part of the incident energy, producing a pattern

almost independent of €wall+ The radiation from this pattern, seen

near the cold end, must be absorbed either at the cold end or at the

walls near the cold end. The latter part is conducted to the cold end.

Figures B-5(b) and B-5(c) show curves for end emissivities of 0.5
and 1.0, respectively. Again, at €wall = 0, the effect of M is to add
a heat leak of M =R 0"]314 watts to tﬁat for /= 0. The flatness of the
curves over a wide range of eyz]]1 indicates the predominance of radia-

tion, now contributed to by the high ¢ as well as €

ends wall®

Figure B-5(d) shows curves for the same three values of A4, but
now all emissivities, including those of the ends, vary simultaneously.
These curves can be constructed from those of the other three figures:
points a, b, ¢, in Figure B-5(a) correspond to points a, b, ¢ in Figure
B-5(d) ; similarly, points d, e, f in B-5(b) and points g, h, i in B-5(c)
correspond, respectively, to d, e, f and g, h, i in B-5(d).

Figure B-6(a) shows the temperature distribution as affected by
€wall® for 4 = 0.0081 and €onds = 0.5. Note the closeness of the
curves over a large portion o% the pipe length, indicating a "saturation
of the radiative effect.

Figure B-6(b) shows the effect of M on the temperature distribu-
tion, for €wall = €ends = 0-1. Figure B-6(c) shows this effect for
€wall = €ends = 1.0, and includes a curve forA = 0. The latter curve
shows the extreme "floating" or adiabatic temperature distribution. The
gradients at the cold end are quite high, but there is no conductive
heat leak since A is zero for this case,

4. A RESULT FOR L/D = 9

A single case for a pipe with a L/D ratio equal to nine was also
treated. For €,,4s = 1.0 and zero wall emissivity and/or conductance
(€wall and/or M = 8) the radiative heat leak q into the tank is 0.115.
For a 10-inch diameter pipe, 90 inches long, warm end at 300°K, the
number above represents 2.7 watts.

B-12
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APPENDIX C

VENTING OF MULTIFOIL INSULATION DURING ASCENT

I. ANALYSIS

Consider the multifoil insulation system as a porous solid made
up of individual elements having an identical porous structure arranged
in layers. Assume that the perfect gas equation of state holds and
that the continuum flow is isothermal. Further, assume that the resis-
tance to the flow of gas through this porous struéture is controlled by
viscous effects; that is, the flow is characterized by low Reynolds
numbers. For convenience of analysis we fix our attention on the flow
process within a single characteristic element of the structure. Under
these circumstances the pressure drop per layer becomes

A Pn . 32 K/(]_:; W (c-1)
(LR
where
é&Pn = pressure drop per layer
A = viscosity of interstitial gas
¢ = density of interstitial gas
L = characteristic length of fléw path
b = characteristic width of flow path
$ = characteristic height of flow path
K = constant to account for fine structure geometry
; = mass flow through single characteristic element

Figure C-1 on page C-5 may serve as a typical model to clarify some
physical aspects of the problem posed. Letting n be the number of
layers per unit depth of insulation, we get

%_g - 32 n KA L w (C-1a)

b s>
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. 32 k n AL d x

Equation (C-4a) is a non-linear, partial differential equation. In order
to obtain an approximate solution, we linearize. In other words, we
assume that the pressure differences within the insulation are small in
respect to some average value, or

P = P+ P

with p 4<-1; _
Letting 32K n4/‘(L2 = @, Equation (C-4a) becomes

— -——— 2 —
2 Gip = LErm L Frn )
Jx
and reduces to
*dP 2%
P20 T 32 (C-4c)

. . . . . . P
In line with the assumption for linearization, the term-é—— can be

identified with the pressure events taking place outside the insulation
during ascent. The pressure changes taking place outside the launch
vehicle may be used to compute this term in most cases (this is the
conservative approach); in the case of a relatively tight shroud, one
may take advantage of the modification of the pressure history in the
atmosphere surrounding the insulation. In any event the solution to
Equation (C-4c¢) is

P = P -‘—"—zé &% - x?)

0 (C-5)

P . ) ) .
where B = %;— , t is the total thickness of the insulating layers,

0
P, is the outside pressure. The maximum gradient occurs at x = t, and
is equal to

o/
o <)

=Bt

max

%

c-3
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The maximum pressure difference across any single layer occurs

across
the outside layer, and is equal to
A P = d_P . .l = E(_Et. . (C"6)
n dx n n
max max
The total pressure difference across the layered system is
= -¥B 2 -
APmax 5ot -7

The maximum rate of outflow of gas occurs at the outermost foil and is
equal to '

°

+d|

)

o
=
T

(C-8)

-]
L]
[« »]

The characteristic Reynolds Number (where the major resistance to flow
is due to the lateral motion of the gas between foils as it seeks

escape through gaps between the foils or through perforations in the
foils)is

oW £
Rey = §§5 *

_ _LtaP/3e
A RT (€-9)
Example 1 - Consider the problem of venting a multilayered insulation

system having the general construction features identified in the accompany-

ing figure. This system may be characteristic of a multifoil insulation
laid up in gore strips or in a bandage wrap. Selecting (only order of
magnitude estimates are warranted):

C-4
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1

Figure (-1
k = 1.0
L = 0.5 ft.
t = 1.2 in. = 0.10 ft,
n = 50/in. = 600 £t
B'max = 0.3 sec-1 ]
> typical of rapid
_ boost-out,
‘g—g = -70 1bf/ft? - sec
-
T = 540°R

7 1bf - sec/ft2

M = 4.1x10°
helium gas
ft - 1bf

1bm - °R

R = 386

we calculate:

® = 4.25 x 105 1bf - sec/ft4

1.28 x 105 1bf/ft"

X B

Cc-5
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and finally,

A Pn' = 21.2 1bf/ft?

max

JaN P, = 637 1bf/ft2

max

Rey = 1,27

max

Example 2 - As another example consider the venting of a perforated
multifoil insulation arranged as shown in Figure C-2. This figure de-
picts a plan view of two foils. The venting gases enter the holes in
one foil (shown in solid line) and drain through the holes in the next
foil (shown in dotted line). Assuming the conditions of the previous

example with the exception that we take L equal to one inch and estimate
that K equals 2, we find:

Qs
O

=1,
N \\\ Y 4
NV \\j\\/\/,’/
//lf'\g\ EZANRN

f—y7E —]

Figure C-2

Ar_ = 2.36 1bf/ft>

max

QArthur D.Little, Inc.




A = 70.8 1fb/ft>

max

Rey = 0.211

max

Also, if the hole area is one percent of the foil area (one percent

perforation), the Reynolds Number based on hole diameter is approximately
unity for this case.

II. SUMMARY AND CONCLUSIONS

The foregoing analysis and example calculations are based on order
of magnitude considerations only. Of all the limitations in the mathe-
matical analysis made obvious by the simplifying assumptions inherent to
it, the physical model of the insulation system as a well-ordered
porous structure is prominent. Although such a structure is ideally
suited to reduce the problem of venting, problems of application and
considerations of minimum heat inleakage may well produce systems which
deviate from this ideal. Moreover, during the venting operation, should
some layer under the action of the induced pressure gradients tend to
compress more than others, the result would be an increase in these
gradients and a greater tendency to rupture.

Irrespective of these limitations, the analysis and example cal-
culations provide a guide to the venting problem of super-insulationms.
It seems clear that containment and support for decompression forces
during boost-out must be provided. The amount of support necessary is
proportional to the fourth power of the number of layers per unit depth
of insulation and the square of path length of the venting gases.
Although not specifically illustrated by example, the use of a spacer
material between foils increases the resistance to flow (the effect of
a spacer can be included in the value, K) and, hence, the support
requirements.

0f course, it is desirable to minimize the support requirements
for the decompression process. One promising way to accomplish this is
to perforate the radiation shields in a regular pattern of circular
holes. As previously shown (section IV-A-1), these perforations lead to
an increase in heat inleakage but a hole fraction of one percent may be
considered acceptable. Within this limitation, the venting problem is
reduced by using small holes close together. The perforation of the
foils also serve another purpose during space operation; that is,
the tolerance to degradation of the insulation due to interstitial
gas buildup from outgassing or leakage is increased.

Arthur D.Little Inc.



APPENDIX D

TEMPERATURE PERTURBATIONS IN MULTILAYER
INSULATION

In order to analyze perturbations and their extent in MLI, we use
as a model the bi-dimensional situation illustrated in Figure D-1. An
infinitely long, straight penetration (strip) of width w and thermal
conductivity kiis in thermal contact with the edges of the foils in
multilayer insulation of thickness B and thermal conductivities kya
kyin the y- and x- directions, respectively, both conductivities belng
assumed uniform. The upper foil is irradiated by a flux of uniform
intensity I.

At very large distances x from the penetration, where the effect of
the penetration is not felt, the temperature in the insulation is a
function of y only, and since heat therefore flows in that direction
only, the temperature gradient is independent of x or y. From the
boundary condition (given in Figure D-1) and the above discussion we
have, for large x:

dT (T, - g)
3y =k = B (T, -T) (D-1)
or
T, - Ty
T, - Tl' = ____E___ﬂ (D-2)
Mo 2
BB

where T _ is the outer foil temperature at large x. Because of the uni-
form gradient we can write the temperature distribution

. __a 1liq y -
T (y) T1iq = ) % B (D-3)
+BB

Where x is not large, x-gradients in temperature cannot be neglected,
and the differential equation in the two variables must be used. At
steady-state, this is

2 2
ke 2L k;%_g -0 (D-4)
9 x y
D-1
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The solution of (D-4), finite and satisfying (D-3) at large x, is

Ta 3 Tli uf’ -c(n 11: x
T(xy) =T, +———=3.24 <7 ¢ “ Sing Y (D-5)
liq 1 ko B n n
+ —55 n=1

where «_ are constants, functions of n only, to be evaluated with the
remaining boundary conditions. The condition that T =T iq aty =0
is already satisfied. The remaining conditions are that at y = B,

given in Figure D-1, and that at x = 0, From the condition at y =B

9
one finds.

k

tan o(nB+ <BB °<n3=0 (D-6)

If usual values are substituted for ky,, B and B, the parameter

(ks /BB) is found to be quite small (less than 0.001); it is in fact
'(/4 where K is the reciprocal view factor discussed in chapter IV-A.
For such values, an is very nearly equal to nx

dn = nn/B (n=1, 2, -=-) (D;7)

and now equation (D-5) can be written

T - T o _nnx f k.
a_ "1i BY k nx
T(x,y) =Ty + ——gk 2y = Ce Y sin 22X (D-8)
BB n=1

The boundary condition at x = 0 can now be applied to evaluate the

C , and thus obtain the temperature distribution throughout the insula-
tion. This condition is

2
k QT 2T
o4 —_ = -
kw 3x + yZ =0 - (D-9)

When substituted into (D-6) this gives, after much manipulation,
the solution

D-3
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- _a '1liq | ¥y
T &y =Ty 1+q B

_ hnx /EL
00 B ¥k

e " sin (4 y/p)

2 22
.\ Ta- Tliq n=1 cos 4 (L+q+qnn) (an + H) 0-10)
1+ q —_— n 1
1-2q 222 :
n=l (I +a+ g (@ +¢)
where q = k /BB (p-11)
-— khk-L
B =Tk /8 (D-12)
A= oL B (D-13)

Equation (D-10) permits evaluating the temperature distribution as a
function of q and H . Incidentally, H is the ratio Rp/R, used in the
resistance concept of Chapter IV-C-1.

I1f we consider the right-hand side of (D-10) to consist of three
terms, then the first two are the distribution at large x and the
third is the perturbation. Because of the negative exponential in
X, the perturbation will have a maximum value at x = 0 and will decay
with increasing x. When H is small, the largest term of the summation
in the numerator of the perturbation will be the first term. When H
is large, the largest term will not be the first; the terms will increase
slowly as n increases, reach a maximum then decrease. Consider the
value of x such that

—

!

ax o ke -
BU R, - " (p-14)

Then the exponential factor in the first term of the numerator will

be e ™ = 0,043, In the second term it will be e~2% = 0.0018, and so

on. Thus, at such a value of x, all the terms following the first

will be decreased by factors each e-® larger than the preceding one,

so that in spite of the fact that the first term may not be the largest,
it will predominate at the value of x given by (D-14). Moreover, at that
value of x, the first term will have about 4 percent of the value it

D-4
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had at x = 0. Therefore, the summation will have much less than &
percent of its value at x = 0. We may, therefore, say that the pertur-
bation will have decayed to very small values when x satisfies (D-14).
We call this value Xpecay®

y

k
= e -
*Decay ~ Bl‘k‘L (D-15)

D-5
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APPENDIX E

HEAT FLOW THROUGH A BLANKET OF PURE RADIATION FOILS

We consider a cryogenic tank completely enclosed in a continuous
blanket of multilayer insulation consisting of foils that exchange
heat with each other by radiation only. However, heat may flow parallel
to the planes of the foils.

The total radiosity Rjof the inner surface of the first foil equals
the sum of its emitted and reflected powers. For a gray body, with
emissivity €, we have

4 '
R, = gwe 1%+ (1 - o R, (E-1)

where the integral is performed over the entire area of the foil--in
this case of the tank also, R, is the radiosity of the outer surface
of the second foil, i.e., the surface facing that of radiosity R;.
Equation (E-1) assumes that the foils are close enough together so that
their mutual view factors are unity.

Likewise, the total radiosity R of the second surface just dis-
cussed may be expressed as

4
R, = jsse'rz A+ (1-¢€) R (E-2)

Since heat is exchanged between foils only by radiation, the net
heat flowing from the first foil to the second must be the difference

between R1 and R2

le = R]. - R2 (E-3)

The difference R, - R, can be found from equations (E-1) and (E-2).
Solving, we obtain

o 4 4
Uy =3 1 [g " dA - ‘ﬁTz dA (E-4)
€
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We may write similar expressions for the heat flowing between
any two adjacent foils

o 4 4
QUriv1 = 7 _ ) l:g T, da - §T1+1 dA (E-3)
€

At steady-state, all such Q; i+] must be equal to each other. We may,
therefore, write a set of n équations

t

Q 4 o 4
T, dA T," dA

4 4
grz dA - §§T3 dA

{
N
q
S

|
' (E-6)
|
- 4 4
= @Tn-l dA - g‘yTn dA
4 4
= ng da - eriq dA
If all the equations are added, we obtain
2 nQ b 4
<€ 1) R @TldA @Thqu

or
o 4 4

Q = 57— @Tl A - T, lda (E-7)

Equation (E-7) relates the unknown total heat flowing into the tank

with the unknown temperature integral of the outer foil. Another

relation exists between these two unknowns, in terms of the known incident
flux and radiative properties of that outer foil:

E-2
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o
I

, 4
gp(:xo I- ge T, )da

TR @I dA - o<, 4§T14 dA (E-8)

We can combine (E-7) and (E-8) to solve for Q in terms of known quan-
tities, The result is

. 4
) O(OQIdA- TEO @Tliﬂ dA

1+(—2—-1> n e
€ [

v

Q (E-9)

This result is valid for a continuous blanket of pure radiation
foils. It holds independently of any thermal conduction parallel to
the foils, since (i) the derivation leading to equation (E-5) is based
on arbitrary temperature distributions in the foils; (ii) the equalities
(E-6) and their consequence (E-7), are true at steady-state regardless
of parallel conduction; and (iii) the outer foil surface radiation heat
balance (E-8) is obviously independent of parallel conduction,

The denominator of (E-9) can be simplified in practical cases,
First, since 2n/e = 50 n, we may neglect the first term, unity. We
may also neglect unity in brackets compared with 2/¢ = 50. Therefore,
the denominator can be re-written within about 2 percent as 2neo/e = 1/k,
where is the shielding factor frequently used in this report. Equation

(E-9) may then be written with good approximation as

Q = }\( s ﬁl dA - O'%#Tuq4 dA] (E-10)

or, in terms of the adiabatic wall temperature distribution:

Q = )1 T, 9‘9 (Ta4 - Tliq4 ) da (E-11)

In many cases the integral involving the liquid temperature raised to
the fourth power can be neglected. However, the use of shadow-shields
and radiators can lower the values of Ta4 to the same order.

E-3
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APPENDIX F

EQUATIONS FOR THE GENERAL CYLINDRICAL THERMAL SHORT
IN PURE RADJATION FOILS

The steady-state heat conduction equation in cylindrical coordinates,
in a medium of continuous (though not uniform or isotropic) thermal
conductivities as represented in Figure F-1l,is

2r ) + % Q (r k

DT
S ¥y dr TR (F-1)

The basic assumption not exactly represented by fact is that of con-
tinuity. However, when the number of foils is large, such that the
spacing between two adjacent foils can be considered as a differential
of distance, the equation retains its validity, so long as the solution
is not interpreted on a scale smaller than such spacings. With that
understanding, both k;and k,can be expressed in terms of foil properties
and spacing:

29¢ B T (F-2)

n
u (kf te + kS tg ) B (F-3)
In these equations, the spacing, B/n is assumed uniform. In (F-3), the
subscripts f and s refer to foils and spacers, respectively. For con-
venience the products k t (thermal conductivity times thickness) will

be grouped together as a single term

k tn
k, = B

(F-4)

with the understanding that k t represents all contributions: that of
spacers as well as foils. Some foils consist of metal vacuum-deposited
on a plastic., The product includes the contribution of the plastic

as well. Even in such cases the contribution of the metal predominates.

The expressions (F-2) and (F-4) can be substituted into (F-1), which,
after some simplification, becomes

F-1
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2 2 4

5ec B D°T 13 2T _ F-5
((—: > +rar(rbr)—0 ()
2n kt

2
2 >y

The boundary conditions are as follows:

: 4 T
y = B :dol = g-eo’r +k4—§_y
or
29 BT3 > T 4 4
€ 7 . _
a 5y § €q (Ta T)
or
_ﬂf = 1_ (T 4 - T4) F_7)
Ay )iB a ¢
where }\ = e/Zne0 (as usual)
r—»w: T = f (y) (given) (F-8)
- D 2T 2T _
r=r way(k“)y)+k“'Br 0
or
2 2
“wk, \ (B 2T T
Il + = 0 F-9
!\ B )(nkt) ay2 dr ( )

Equations (F-5) to (F-9) can be put into dimensionless form. Let

I
4 . Xo
Ta = T (F-10)
)
8 = T/T, (dependent variable) (F-11)
u = y/B (independent variable) (F-12)
F-3
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¥ €T,
v & r — (independent variable) (F-13)
2n 'kt .

! 31
3 € Ta
t 7= (parameter) (F-14)

<
]

2n2kt

w k. /B
—— (parameter) (F-15)

i\. g€ Ta kt
! 2

2

7]

) /T (parameter) (F-16)

liq Tliq a

In terms of the quantities just defined, the differential equation
(F-5) can be expressed as

2 294 2

3 © 1 28 _ -
au2+av2+" v = © (F-17)

and the boundary conditions become:

u = 0 e = eliq (F-18)
e 94 1 4
u = 1 : Ju = -'-\ (1 -08) (F-19)
2
d°6 26
= R = = 0 F-20
v v0 ’\}. auz + >V ( )
4
Vaew : 86 = f (u) (F-21)

For the special case where the outer foil surface is irradiated uniformly
out to distances very far from the region of influence of the thermal
short, 4 “
o 1854
= F-22
f(u)-eliq+l+'{u (F-22)
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For the usual cryogens and the usual values of T_, the parameter 91i
is not an influential one; it might be neglected. 4

The solution of (F-17) with a given set of parameters (vo, K ,V¥, eliq)
gives the function © (u, v) for that set. From @ (u, v) the added
heat leak due to the short can be calculated. (We assume that the top
surface of the annular short is shielded from incident radiation, and
that the hollow region is filled with good insulation or otherwise baffled
to prevent internal radiation.) Before discussing this calculation,
the significance of the variable v must be explained. In undisturbed

insulation the heat that would flow through unit area of the insulation
is

4 4
Q Q—(Ta - Tliq )
AT 2 (F-23)
(E - 1) n (1 +)f_)
M' G‘e Ta4 .
= (F-24)

This heat flow can also be expressed in terms of an overall transverse
thermal conductivity kLm

Q - -
A T kg (Ta Tl:i.q)/B

= kT /B (F-25)

Comparing (F-24) and (F-25) allows a definition of KLm for pure radiation
foils:

3
g€ TaB

k A T (F-26)

4m

In terms of klm’ and of k" as defined in (F-3), the variable v can be
expressed as :

—ta.

j

g

m

|

(F-27)

=i
-

N
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In terms of Xpecay 35 defined in Appendix D, v can also be expressed

as

v

-t
xDecay

Similarly, for the parameter v,

v
(o]

Now, the radius of the region of influence

r
(o]

XDecay

(F-28)

(F-29)

will not be more than one

or two decay distances from the outer surface of the thermal short:

vy v,

2: o = f(u)

(F-30)

Therefore, to evaluate the added heat flow one need not consider values

of v beyond vy + 2.

The net radiative flow into the insulation is given by

Q
A
At v=v_ <+ 2,
o
T 4
s
At smaller v,
7 4
s

(F-31)

(F-32)

(F-33)
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where @ (v) denotes the value of © at u = 1, function of v. From
(F-32) and (F-33) we can form

Q 4 4 1
9 - yert |a-efen - a- - )
A Ldded oa 1 L+
4 | 1 4, ]
- went |y et (F-34)
_ §

Therefore,

[+ o]
_ 4 1 b N
Q = TerT, g(l o 8, (v)) dA
r, ’

- J

4 : 1 4 k
=  ge[T, [(Tr\ - 8, v)\ 2nrdr

/
r
o

v + 2
o)
nktT

2 X a y \Vﬁ - 914(v) v dv (F-35)
v
o |

The added heat can be made to take other forms, in which the integral
will take different meanings.

F-7
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